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INTRODUCTION. 


URING the last few decades, there have appeared from time 
to time articles dealing with the question of the optical 
properties of turbid media. 

It will be seen from the brief abstracts of these papers which form 
the introduction to the present article, that the theoretical conclu- 
sions at which the various writers arrive seem to indicate that the 
transmission of light by a turbid medium should be a simple func- 
tion of the period of the light. 

The theories have been tested in a number of instances in the 
somewhat narrow range of wave-lengths comprising the visible 
spectrum, with the result that while some investigators have found 
agreement between theory and experiment, others have reported 
disagreement. 

The object of the present investigation has been to supplement 
the existing data obtained in the visible spectrum by extending the 
field of investigation as far as possible into the infra-red region of 
the spectrum. 

The pioneer work of a theoretical character is due to Lord 
Rayleigh,’ who deduced an expression for the light transmitted 
through an atmosphere containing small insulating particles in 
suspension. This was shown to depend on the number and size of 

1Phil. Mag., XLI., 107, 1871; XII., 81, 1881. 
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the particles suspended in unit volume of the supporting medium. 
Lord Rayleigh! again took up the subject later, developing it more 
completely and obtained an expression for the energy transmitted 
as a function of the wave-length, index of refraction of the suspended 
particle, and the number of particles per unit volume, assuming 
that the particles were insulators and spherical in shape. The fol- 
lowing formula is given by Lord Rayleigh 


1) 
where /#/ is given by the formula 
E= arm. 


In these expressions » represents the refractive index of the sus- 
pended particle, V the number of particles per unit volume, @ the 
thickness of the layer, &, and £ are the incident and transmitted 
energies respectively. The first equation leads to the important 
deduction that the absorption varies as the A~*, and the correctness 
of the theory in this respect may be readily determined, after 7 
has been experimentally found for the various wave-lengths for the 
given turbid medium. 

Lord Rayleigh has also found that light scattered by these insu- 
lating particles, and produced by the incidence of plane polarized 
light, vanishes at all points in a plane normal to the magnetic induc- 
tion, where the radius vector makes an angle of 90° with the direc- 
tion of the incident light. 

The theory to explain the transmission of light by solutions or 
atmospheres composed of conducting particles has been developed 
by J. J. Thomson,’ who finds that the scattered light produced by 
the incidence of plane polarized light, vanishes in a plane through 
the center at right angles to the magnetic induction in the incident 
wave, along a line making an angle of 120° with the radius to the 
point at which the wave first strikes the sphere, and it does not 
vanish in any other direction than this. This is quite a different 
conclusion from that arrived at by Lord Rayleigh in his analysis 
for insulating particles. 


1Phil. Mag., XXXXVII., 375, 1889. 
2 Recent Researches, p. 437. 
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Ehrenhaft' undertook an experimental test of Thomson’s theory 
for media containing metallic particles in suspension, commonly 
known as colloidal solutions. For colloidal solutions of gold, silver, 
platinum and copper, he found the maximum of polarization to be 
at angles of 118°, 110°, 115° and 120° respectively with the inci- 
dent energy. He also found that the amount of polarization varied 
directly as the amount of metal per unit volume of the supporting 
medium. 

Ehrenhaft in his investigation found that the colloidal solutions 
which he examined possessed strong absorption bands in the visible 
spectrum. The absorption band of gold colloid occurred at a 
wave-length of 5.2 x 10~° cm., that of platinum at 4.8 x 10~° cm., 
and that of silver at a wave-length 3.8 x 10-° cm. According to 
Thomson it is possible from the position of these bands, due to 
optical resonance, to compute the order of magnitude of the size of 
the suspended particles. 

Let / represent the period of vibration of the particle, v the velocity 
of propagation of the disturbance, and a the radius of the metal 
sphere, then 


If x be the refractive index of the supporting medium, then v = /A 
so that 


a= 


From the values of the wave-lengths at which resonance takes 
place, Ehrenhaft computed the size of the particles to be of the 
order of magnitude of 40 x 10-7 cm., and this magnitude falls 
within the limits assigned to it by Thomson. 

Another piece of experimental work, similar to that of Ehrenhaft, 
is that of Miller,? who found the azimuth of polarization for platinum, 
silver and gold colloids to be 112°, 97.5°, 125°, respectively, and 
that for a medum consisting of insulating particles, the azimuth of 
polarization was less than 90°. These values for colloidal solu- 


1Sitz. ber. Akad., Wiss. Wien, 112, Ila., 1903. 
2 Ann. der Physik, 24, 1, 1907. 
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tions of platinum, silver and gold do not accord with the results of 
Ehrenhaft, who found a better agreement between the experimental 
and theoretical values. Miiller’s results afford no explanation of 
the optical properties of colloidal solutions based on the size of the 
particles. 

More recently Mie’ has published a paper which deals with the 
turbid media, based on the assumption that the particles may be 
regarded as spherical in shape, and that the turbidity is infinitely 
thin, in an optical sense. The light emitted by a particle may be 
calculated as a series of partial waves of which there are two groups, 
corresponding respectively to the electric and magnetic vibrations 
of the particles. In a colloidal solution consisting of very small 
particles the first harmonic is small, and corresponds to the formula 
of Lord Rayleigh, which was previously discussed. For coarser 
particles other electric and magnetic harmonics appear. 

Mie also found from theoretical considerations that the unpolar- 
ized ray on passing through a medium should be linearly and partially 
polarized. The light diffused by gold particles up to a size of 
I x 10° cm. consists entirely of radiation corresponding to the 
Rayleigh formula, and the azimuth of polarization occurs at go°. 
For particles from 1.6 x 10~° cm. to 1.8 x 10~° cm. in diameter 
the azimuth of polarization lies between 110° and 120°. These 
results, therefore, seem to account for the discrepancy between the 
results of Ehrenhaft and Miller, with regard to the azimuth of 
polarization, it being due merely to the different sizes of the par- 
ticles which occur in colloidal solutions made under different 
conditions. 

Mie’s work also shows that the absorption of light by turbid 
media is proportional to the amount of metal per unit volume of 
the supporting medium, when the particles in suspension are small. 

Garnett? has developed a theory, in which he has explained the 
optical properties of colloidal glasses, and since Garnett’s work 
has been made the basis of the work contained in this paper, we 
shall give a brief resumé of his paper in so‘far as it will be necessary 
to make clear its bearing upon the present subject. 


1Ann. der Physik, 25, 377, 1908. 
? Phil. Trans., A., 204-205, 1905. 
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If light of a wave-length 4 falls upon a metal sphere of radius a, 
of refractive index x, and extinction coefficient £, then the complex 
dielectric constant ¢ will be expressed by 


Lord Rayleigh’ has shown that a metal sphere of radius a, index 
of refraction ”, and extinction coefficient 4, when excited by an 


electric force /,, emits the waves which would be emitted by a 
Hertzian doublet whose moment at a time ¢ is 


N?—1 

where 4’ is the complex dielectric constant of the metal and equals 
— tk)’. 

For the case in which there are a great many spheres close 
together the electric force for each doublet would be the force £, 
together with that due to the neighboring doublets. Calling this 
£’ then at any time ¢, the polarization is 


which is regarded as the average moment. If m be the number of 
doublets present, then the polarization is expressed by 


'(t) = mf(t). 
Lorentz and Larmor have shown that 


provided only that the doublets are scattered through a space large 
compared with the wave-length. Solving for £’ and /, we obtain 


the expressions 


I 
E' = E, rN , (1) 
3 N* +2 


1 Phil. Mag., XLIV., 28, 1897. 
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By the use of the Maxwell equations, the complex dielectric con- 
stant is expressed as 


CE CH 
curl (/7) and curl (£), 
it follows 
4zma* [ N? 
| 
N?4+2 
This shows that a medium consisting of small metallic spheres is 
optically equivalent to a medium of refractive index »’, and extinc- 
tion coefficient £’, given by the expression 
N= n'(1 — tk’) = Vel 
in which 
N? +2 
gma | 
This expression holds only for the case in which the metallic 
spheres are distributed in vacuo, many to the wave-length. If pz 
represent the relative volume, then 


and the above equation becomes 
e= 1+ We =n'(1 — tk’), (2) 


This equation which is due to Garnett,’ forms the point of departure 
for the mathematical analysis of the special problem with which the 
present paper deals. 
EXTENSION OF THE THEORY. 
A colloidal solution may be regarded as one consisting of small 
spherical particles, as Siedentopf* and Zsigmondy have shown by 


1 Loc, cit. 
2 Ann, der Physik, January, 1903. 
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means of the ultra microscope. Burton' in his work upon elec- 
trically prepared colloidal solution has shown that the diameter of 
the particles in such solutions is of the order of magnitude of 
4x cm. to 6x cm. This value is in accord with the 
values which Bredig? found by theoretical considerations alone, 
Bredig shows that when these particles are viewed with a micro- 
scope of the highest power, the particles remain undetected, yet 
when a beam of light is passed through a solution containing them, 
the beam is scattered and polarized. The best microscopes can 
detect particles of the order of magnitude of 14 x 107° cm. and yet 
these particles since they diffuse light must be of the order of mag- 
nitude of a light wave, so that the lower limit to the size of the 
particle is 10~° cm 

From the work which has been done by these investigators it 
seems that we are justified in assuming that the magnitude of this 
particle is 10~° cm. as a lower limit, and so are at liberty to apply 
Garnett’s analysis to the case of colloidal solution, for in them we 
are dealing with particles of approximately the same order of magni- 
tude as those with which he had to deal in his work upon metal or 
colloidal glasses. 

However, since it is impossible to prepare colloidal solutions in 
a medium which does not itself possess absorption in the infra-red 
spectrum, it has been found necessary for the purposes of the pres- 
ent investigation to extend Garnett’s analysis to include the case of 
an absorbing medium whose complex dielectric constant is v(1 — ig). 

If now in equation (2) (which holds only for the case of spherical 
particles embedded in the zther) we replace the dielectric constant 
of the zther, unity, by the complex dielectric constant ¢”” = v(1 — ig) 
of the supporting medium. We obtain the following equation 


e’ = el + (2’) 


'Phil. Mag., IT., 1906, p. 425. 

? Drude’s Ann., XI., 218, 1903. 

’ The first term in the denominator of equation ( 2’) is not a dielectric constant, but a 
pure number and hence is not replaced by e/’. 
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In the above equation we may neglect 


with respect to unity since it is of the order of magnitude of 107°, 
and we thus obtain the equation 


el 
= 36" l=] +e! (3) 
where 
— tk)’, 


= n'(1 — ik’). 


Equation (3) may be written in the form 


) 
or it may be written 
e— 


pot = (4) 


Replacing the values of ¢, e’ and ¢’” by their values in terms of refrac- 
tive indices and extinction coefficients, we obtain for the second 
member of equation (4) 


+ + 2i(n*k — 


Separating real and imaginary quantities we obtain for the value of 8 


(wk — — 202) — (nth + + 2%) 
a= (wk? — + (wk + 207g)? ]. © 


In the above equation g is of the order of magnitude of 10~°, and 
hence terms containing g may be neglected with respect to terms 
containing ~ and & alone, and the equation for § becomes 


— 182° kv* 
B= + (9) 


The quantity & is an extinction coefficient and is not known, but 
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if we replace & by a/nz, where a is the absorption coefficient of the 
metals and is quite accurately known from the work of Rubens‘ 
and Hagen, and x is the refractive index of the metals, we obtain 
an equation containing ~ and § as unknown quantities. Equation 
(6) then becomes 
— 18nav* 
(7) 


It is necessary to find a value of 8 in terms of quantities which may 
be experimentally determined. This we may do by replacing the 
values of ¢’ and ¢’’ by their values in terms of refractive indices and 
extinction coefficients in the first members of the equation (4) we 
obtain 


f—e — 2i(n!*k! — vg) 


If we equate real and imaginary quantities and collect imaginary 
quantities we obtain for § a value 


If we make the approximation that in the range from a wave- 
length 5.8 x 10~° cm. to 6.8 x 107° cm., the refractive index of the 
colloidal solutions differs only very slightly from the refractive index 
of the supporting medium we obtain by setting x’ = v 


This equation in terms of the extinction coefficients of the colloidal 
solution and the supporting medium may be transformed into one 
involving the absorption coefficients ¢ and w by means of the relation 
k'n' =t and vyg=w. Since we have assumed.that x’ =v, we 
obtain 

2(¢ — w) 


(8) 


1 Phil. Mag., 7, 1904. 
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Equating equation (7) and equation (8), we obtain 


, 
( 277) + (3”) 


Solving for x’, we obtain 


If in equation (8) we neglect ?a? with respect to (a® — 2v*)’, which 
can be done only when the value of 7 is considerably less than 
unity, we obtain a very simple equation for x 


(¢ — w)(a* — 20°)? 
gaye 


Equation (9’) may be used in computing the values of for gold 
and silver for which the values of x known for the visible spectrum 
are much less than unity, but in computing the values of » for 
platinum equation (9) must be used owing to the fact that the 
values of z for platinum are much greater than unity in the visible 
spectrum. 

We thus have arrived at an equation for the refractive indices of 
the metals, in terms of the absorption coefficients of the colloidal 
solution and of its supporting medium, the absorption coefficients 
of the metal forming the colloid, the refractive index of the sup- 
porting medium, and the relative volume of the metal present. 
The values of x for the three metals given by this method for the 
wave-length 5.89 x 10-° cm. should agree fairly well with the 
values of z obtained by Drude’ and Kundt,? for these metals at the 
wave-length 5.89 x 107° cm. 

Several important deductions are immediately derived from equa- 
tion (9’), first, if we neglect the absorption w due to the supporting 
medium, as Garnett did implicity in his analysis, we obtain an 
equation 


a= 


(9’) 


Mat 208} 
1 Phys. Zeitschrift, January, 1900. 
2 Wied. Ann., 34, p. 469, 1888. 
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which shows that ¢, the absorption of the colloidal solution, is pro- 
portional to the concentration #. Garnett arrived at an equation 


in which 4’z’ measured the absorption and is a function of the 
optical constants of the metals, that is, and &. This equation also 
shows that the absorption x’%’ is proportional to the concentration. 

If w be not neglected, we find from equation (9’) that the differ- 
ence between the absorption of the colloidal solution and the ab- 
sorption of the supporting medium is directly proportional to the 
concentration. 

Finally if is to be an invariant for a given metal for a given 
wave-length, for any supporting medium, experimental determina- 
tion of z should bring out the fact that is independent of the sup- 
porting medium. The different supporting media in which small 
metallic particles will remain suspended long enough to admit of 
accurate observations are very few. However two supporting 
media were obtained which possessed widely different optical prop- 
erties. The usual one, water, possesses very strong absorption 
bands in the range of wave-lengths from 5.89 x 10° cm. to 
15 x 10~° cm. and its general absorption is very large. The second 
supporting medium, ethyl malonate, is a complex organic compound, 
and possesses the usual bands due to the ethyl group. Its general 
absorption, however, is not so great as that of water, and it makes 
a much more desirable supporting medium owing to this fact. 

The main results brought out of the above theoretical consider- 
ations are briefly these; first, the optical properties of colloidal 
solutions should be independent of the size of the particles, provided 
the diameter be small compared to the wave-length. We should 
thus expect to find the best argument between theory and experi- 
ment the longer the wave-length of light. Second, it should be 
possible to determine the optical constants of those metals, which 
may be brought into the colloidal state, by the determination of 
the difference between the absorption of the solution of known 
metal content and of the supporting medium; and the values so 
obtained should be independent of the nature of the supporting 
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medium. Third, the difference between the absorption of the col- 
loidal solution and of the supporting medium should be directly 
proportional to the relative volume of the metal in the solution. 

It will be seen further on that colloidal solutions of silver, gold 
and platinum exhibit optical properties which are in good agree- 
ment with these theoretical conclusions. 


APPARATUS. 


The investigation was carried on by means of a large spectro- 
bolometer of special construction designed by A. Trowbridge. 
The bolometer strips forming the two arms of the Wheatstone's 
bridge were 0.5 mm. wide and 2.5 cm. long. Their thickness may 
be judged from the fact that each of them had a resistance of 3 
ohms. The remaining two arms of the bridge consisted of balanc- 
ing coils, small portions of which were shunted by mercury sliders 
so that the balancing of the bridge was made very simple. 

The bolometer strips were enclosed in an air-tight chamber 
through which the energy to be measured was allowed to enter 
through a rock-salt window. 

The bolometer and its accessories were surrounded by a water 
jacket in order to protect the bolometer coils and sliders from 
irregular temperature fluctuations. 

By means of a low power microscope mounted axially in the 
bolometer case it was possible to make accurately all preliminary 
adjustments for collimation, and to check the adjustments from time 
to time during the course of experimentation. 

The spectrometer was provided with a divided circle graduated 
to minutes, on which settings were made with a micrometer micro- 
scope. The head of the micrometer screw was divided into sixty 
parts of such size that one tenth of a division could be readily esti- 
mated, thus allowing the observer to read with considerable accu- 
racy to one tenth of asecond of arc. The arms of the spectrometer 
were about one meter in length, and allowed the use of very long 
focus mirrors of considerable aperture. 

The rock-salt prism used in the investigation had an angle of 
60° 1’ 37’, was 12 cm. high, and had faces 7 cm. wide. It was 
mounted in a manner described by Wadsworth ' in which the prism 


1 Phil. Mag., 38, 1894. 
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faces and a mirror are so arranged that a plane bisecting the angle 
of the prism passes through the axis of the spectrometer table, and 
is also at right angles to the plane of the mirror, which plane passes 
through the axis of the spectrometer table. Employing this arrange- 
ment Langley ' has shown that if the arms of the spectrometer are 
so fixed that the undeviated beam passing through from the slit 
into the collimator, arrives at and is focused on the bolometer strip, 
and then the prism arrangement inserted in the manner described 
above, the spectrum will arrive at the bolometer in such a way that 
light of any wave-length falling on the bolometer strip will have 
passed through the prism under minimum deviation. 

The prism and mirror were mounted on a large circular casting 
of iron, which in turn was held upon the spectrometer by means of 
a hole, slot and plane device. The whole was then enclosed within 
a sheet-iron case with diaphragms in it for the entrance and exit of 
the beam. 

The galvanometer was similar to that designed by C. E. Men- 
denhall and described by L. R. Ingersoll.?_ It was a four-coil astatic 
needle instrument, magnetically shielded by a triple concentric 
shield of exceptionally soft iron, kindly furnished by Mr. Elihu 
Thompson. A similar shield has been used for the past three years 
by Mendenhall and Trowbridge, who found that it reduced the field 
of the earth to one four-thousandth of its value outside the shield. 

The coils had each a resistance of twelve ohms, and were con- 
nected in multiple so that their combined resistance was three ohms. 
The needle system was made of tungsten steel elements mounted in 
two groups, the whole weighing about six milligrams. As ordi- 
narily used, with a period of about ten seconds, the sensibility of its 
galvanometer-bolometer arrangement was such that a candle at a 
distance of one meter gave about fifteen hundred scale divisions. 

As a source of current for the bolometer, storage batteries at first 
were used, but considerable difficulty was encountered in their use, 
due to their irregular behavior. There are periods in the discharge of 
a storage cell which are fairly constant, but these periods are not of 
long duration, and just when they occur is a matter of uncertainty, 
owing to inconsistent conditions of charging and of previous state. 


1 Annals of Smithsonian Institution, Vol. I. 
2 Phil. Mag., 6, 61, p. 41, 1906. 
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In order to obviate this difficulty, four large standard cells were 
made of a type which Professor G. A. Hulett’ had been using for 
potentiometer work. Large battery jars which allowed a mercury 
surface of 340 cm.? were used, and the wooden cover of each jar 
supported four anode cups, which contained the cadmium amalgam. 
These cups were 5 cm. in diameter. Since these cells were first con- 
structed an improved form has been made, in which the anode cups 
were replaced by the rubber trays, supported by a glass frame rest- 
ing upon the bottom of the jar. One and a half liters of acid cad- 
mium sulphate solution, and 150 grams of mercurous sulphate 
were placed in each of these cells. The cells were then charged 
at a low current density. At first the charging was done without 
stirring, but later L-shaped stirrers were passed through the 
covers of the jars, and a much higher current density could be used 
without the danger of forming the basic salt. These cells were 
found to furnish a current of 0.2 ampere without the fluctuations 
experienced with the storage battery and with only a very slow 
drift. They are particularly well suited for bolometric work, for 
all the annoying features of the storage cell are removed. 

The arrangement of the apparatus was as follows: A beam of 
light from a Nernst glower was allowed to fall upon a mirror, and 
was brought to focus upon the slit of the spectrometer. Before the 
slit was placed a sliding cell, containing the solution to be investi- 
gated. The energy from the slit was directed upon another mirror 
placed at such a distance from the slit, such that parallel light was 
reflected from it, and passed through the prism to another mirror of 
a meter focal length. This latter mirror brought to a focus upon 
the bolometer strip those rays which had passed through the prism 
under minimum deviation. 

A simple and effective device was designed to carry the colloidal 
solution. Two quartz plates about 4 cm.” were separated by a hard 
rubber diaphragm, of known thickness. The rubber diaphragm was 
divided into two compartments. The plates and diaphragm were 
placed in a convenient cell and held in position by screws. The 
cell was made to slide on two brass ways so that either one of the 
compartments of the cell might be brought into the path of the rays 


1Puys. REv., July, 1908. 
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of light to the slit or removed entirely. The liquid to be investi- 
gated was placed in one of these compartments, the deflection of the 
galvanometer noted when energy of a known wave-length was trans- 
mitted through the compartment containing it, then the deflection 
was noted when energy passed through the empty compartment. 
Thus the effect of the absorption of the quartz could be eliminated 
from the observation and only the transmission of the liquid was 
obtained. 

In order to know in exactly what part of the spectrum the ob- 
servations were being made, it was necessary to obtain a dispersion 
curve of the rock-salt prism. In order to do this the angle of the 
prism was accurately measured, and from the known values of the 
dispersion of rock salt, determined by Rubens‘ and Trowbridge, a 
dispersion curve in terms of wave-lengths and angles of minimum 
deviation was obtained. This gave a simple and rapid means of 
determining the wave-length at which one was working provided 
the reading of the spectrometer was known at which energy of a 
known wave-length passed through the prism under minimum 
deviation. The accuracy of the method was tested by first setting 
on the sodium lines and then determining the angular reading. 
The setting for the emission band of CO, at 44 x 107° cm. was com- 
puted. A Bunsen burner was placed before the slit and a maxi- 
mum of emission sought. It was found and the reading taken. 
This angular reading agreed with the computed reading to within 
less than 1x 107-°cm. A device for roughly estimating the posi- 
tion of the infra-red spectrum at which observations were being 
made was obtained by placing a small concave mirror upon the 
case enclosing the prism, directly over the axis of the spectrometer 
table. A beam of light from a Nernst glower was focused upon a 
card-board fastened to the wall of the room. This was calibrated 
empirically for various wave-lengths. 


EXPERIMENTAL. 


The colloidal solutions employed were made according to the 
method of ,Burton.? Very stable colloids were obtained of gold, 


1 Wied. Ann., 60, 724, 1897. 
? Phil. Mag., 11, 425, 1906. 
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platinum and silver. They remained in good condition almost 
indefinitely without coagulating or changing color. 

Attempts were made to obtain colloids of the various metals 
in alcohol. In the cases of platinum, silver and gold the attempts 
were fruitless, owing to almost immediate precipitation. Lead, 
zinc and tin were tried and the resulting colloids appeared rough 
and granular. They began immediately to precipitate the metal, 
and in the course of a few days the entire metal content was pre- 
cipitated. The constant change in the metal content made it impos- 
sible to obtain anything except a rough qualitative idea of the 
optical properties of these colloidal solutions. 

The colloids of gold, platinum and silver which possessed a 
satisfactory stability were made in either water or ethyl malonate. 

The amount of metal present per unit volume of supporting 
medium was readily and quite accurately determined by evaporating 
the colloidal solution to dryness, and weighing the residue. The 
weighings were made a number of times and the final error in the 
determination did not exceed three per cent. This method was 
also used by Burton. 

To determine the absorption coefficients of the colloidal solution 
and its supporting medium for any given wave-length, it was neces- 
sary to make use of two thicknesses of the cell. For if 4 is the 
wave-length in vacuo, d the difference in thickness between the two 
layers of solution used, and /, and /, the incident and transmitted 
energies respectively, then the absorption £’’ is given by the ex- 


pression 


Solving for £’x’, we obtain 
A ~ 
= — 
kin ma log T fog ¢ 
All these quantities inthe right-hand member of this equation are 
known or capable of experimental determination. The ratio /,//, 
was determined by means of the bolometer, and @ was measured by 
means of a micrometer caliper. The values of the absorption coef- 
1 Loc. cit. 
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ficients for the various wave-lengths were determined for the various 
colloidal solutions and their supporting media. 


RESULTs. 


Tables I., II. and III. contain the various quantities used in the 
determination of the values of the indices of refraction of the metal 
silver, for wave-lengths from 5.89 x 10-° cm. to 15 x 10-°cm. In 
the tables, columns 2 and 3 show the percentage of energy trans- 
mitted through the collodial solution for two different thicknesses of 
the solution. The difference in thickness of the two layers was 
0.214cm. Columns 4 and 5 show the ratio of the energy trans- 
mitted through the collodial solution to that transmitted through the 
supporting medium, which in the case of silver was water. Column 
6 shows the values of the ratios from which the absorption coeffic- 
ients of the colloidal solution were calculated. Column 7 shows the 
values of the absorption coefficients of the colloidal solution for the 
various wave-lengths. Column 8 gives the value of {, the differ- 
ence between the absorption of the colloidal solution and the sup- 
porting medium, water. The last column contains the values of 
the refractive indices calculated from the fundamental equation. 

Tables V., VI. and VII. contain the data for the platinum colloids 
reported in the same order as those for silver. The results in Table 
IV. were obtained with water as a supporting medium, and those in 
Tables V. and VI. with ethyl malonate as the supporting medium. 
The various concentrations ys are given at the bottom of each table. 

Table IV. gives the results obtained in the case of colloidal gold 
in ethyl malonate, and Table IX. contains the absorption coefficients 
of water and of ethyl malonate, for the slit width and width of the 
bolometer strips employed throughout the research. 

Table X. contains the values of the absorption coefficients of the 
metals gold, platinum and silver taken from the work of Rubens’ 
and Hagen. Values which were not given by them and which 
were necessary for the present work were obtained by plotting the 
values given by them and drawing a smooth curve through those 
points. The necessary values were obtained from this curve and 
are given in the table. 

1 Loc. cit. 
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In Table VIII. are reported the data for the turbid medium made 
from gum mastic. The values of the absorption coefficients ¢ are 
given for two concentrations, one being twice the other. 

To obtain curves shown as Fig. 1, the absorption coefficients 
were plotted as ordinates and the wave-lengths as abscisse. The 
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lowest of these curves represents the absorption curve of water, 
and the remaining three are the absorption curves of the three silver 
colloids used to obtain the data in Tables I., II. and ITI. 

The uppermost of the four curves shown in Fig. 2, is the ab- 
sorption curve of the gold colloid, obtained from the data of Table 
IV., the lowest is the curve of ethyl malonate, and the remaining 
two curves are those for the platinum colloids of Tables V. and VI. 

In order to show graphically the manner in which the absorption 
due to the presence of the particles alone varied with the wave- 
length, the values in columns 4 and § for each table containing the 
data for the determination of the value of 2, have been plotted as a 
function of the wave-length (Fig. 3). These curves show the ratio of 
the energy transmitted by the supporting medium, for a given thick- 
ness and for the various wave-lenghs within the range of observa- 
tion. They bring out clearly the effect of these minute particles 
upon the absorption of light, showing that they are less and less 


+ 
| 
| 


No. 4.] COLLOIDAL SOLUTIONS. 251 


effective as we proceed to the longer wave-lengths, the absorption 
of the colloidal solution being almost identical with the absorption 
of the supporting medium. The greatest effect is somewhere in 
the region of the visible spectrum, in all probability where Ehren- 


2.0 8 “¥ 
40 
2 
PLA 
77 ONATE 
6 8 10 #6 


Fig. 2. 


haft' and Miller’ concluded from their results that optical reso- 
nance occurred. 

In view of these results, the question at once arises concerning 
the numerical relationship between the values of the absorption 
coefficients and the wave-lengths. Lord Rayleigh in his earlier 
work upon the subject of atmospheres containing suspended insu- 
lating particles has shown from theoretical considerations that for 
such an atmosphere containing these particles, whose sizes are 
small compared to a wave-length, the absorption varies inversely 
as the inverse fourth power of the wave-length. We have suf- 
ficient data given here to investigate the relationship for colloidal 
solutions. If for the short range of wave-lengths just beyond the 
wave-length 5.89 x 107° cm. we assume that the absorption due 
to the supporting medium is negligible, we can see from the char- 
acter of the absorption curves of the colloids that no such 4~ rela- 
tionship seems to exist between the absorption coefficients and the 
wave-lengths. One cannot put this investigation to too rigorous a 
test owing to the fact that the range for determining a relationship 


1 Loc. cit. 
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of this nature is too limited. Furthermore, we cannot expect such 
a relationship to hold near a region of optical resonance, such as 
we know to exist in the case of these colloidal solutions, at a very 
short distance from the sodium lines of the spectrum. The data 
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Fig. 3. Fig. 4. 
obtained in this investigation give rise to no definite relationship 
between the absorption coefficient and the wave-length, with regard 
to colloidal solutions. 

We may digress here for a moment to consider the case for which 
the relationship given by Lord Rayleigh, for insulating particles, 
should hold. In Table VIII. are given data for such a medium made 
of gum mastic, and the results are plotted in Fig. 4. Again assum- 
ing that the absorption of the supporting medium may be neglected 
where it is small, we can roughly determine the relationship between 
the absorption and the wave-length. A simple calculation shows 
that the absorption varies roughly as the inverse first power of the 
wave-length, which does not conform to the demands made by the 
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In Table VIII. are also included the ratios of 


the difference between the absorption of the turbid medium and its 
supporting medium for the two concentrations used in obtaining the 
data. The ratios show that the absorption varies directly as the 


concentration. 
I. 
Silver Colloid No. 1 in Water. 
| | 
I 2 | 3 4 5 6 7 8 9 10 
Wave- | | | 
in 1, | i, | t - | n 
86.0 66.2 (86.0 66.21.30 | .S721X10% .5721x10° 60235 
6 “ 87.3 748 86.3 73.8 1.165 .3400 -3400 1.061 .36 
7 “90.0 84.7 87.5 83.7 1.062 .1561 “ 2.947 .46 
8 81.3 87.3 89.5 85.4) 1.046 .1220 4.215 (52 
9 92.9 90.0 91.0 89.0 1.033 .1099 -0767 7.430 .57 
10 92.3 858 92.3 92.3 1.076 -2740 -0595 10.246 61 
1l 92.2 868 94.5 93.2 1.062 -2386 -0400 16.020 .64 
12 “82.3 63.9 95.8 95.5 | 1.287 1.1223 “ .0267 24.660 | 66 
13 «68.2 37.4 96.0 93.5 1.823 2.8943 .0253 26.84 .68 
14“ 194 2.42 97.5 97.0 8.010 10.786 “ “ 34.45 
15 43.3 | 7.80 98.7 97.5 5.515 9.4831 40.70 
w= 2.12 X 10°. 
II. 
Silver Collotd No. 2 in Water. 
wat 2 | 3 4 5 6 | 7 8 “10 
ave- | (a?@—20")? | 
— in i, | | le | t | n 
5.89x10°° 81.0 57.0 81.0 57.0 1.42  .8844X10~ 444.38 
6 (82.5 66.8 81.5 65.8 1.253 “ .5000 “ -780 | .39 
7 79.3 (83.5 78.1 1.084 ae 2.166 
8 “ 87.1) 818 (85.5 79.9 1.065 .1845 “ “ 3.099 .53 
9 89.1 85.0 87.4 84.0 1.048 | 5.463 .56 
10 “89.6 82.6 89.6 888 1.084 -0831 7.460 .62 
11 89.1 83.5 91.5 89.9 1.067 2546 “ | .0560 11.780 .66 
12 “ 80.2 621 934 92.8 1.291 1.1326 “ | .0370 “ 18.10 -67 
13“ 67.3 368 92.0 1.830 2.903 .0340 19.71.67 
14 “ 19.25 2.40 97.0 96.0 8.024 10.7935 “ | .0275 “ 25.30 -69 
15 «38.4 98.5 86.0 5.521 9.4891 


= 


| 
F 
| 
| 
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It was shown in the fundamental equation which was derived to 
fit the general case of colloidal solutions that the absorption due to 
the small metallic particles, small compared to a wave-length, was 
directly proportional to the concentration when the absorption of 
the supporting medium could be neglected. It was also shown 


Taste III. 
Silver Colloid No. 3 in Water. 

5.89X10° 89.0 76.0 89.0 76.0 1.17 5224x105 5224x105 «£879.28 
6 “ 90.5 82.7 89.5 817 1094 .2105 “ .2105 1.14 
7 941 90.6 915 89.6 1.038 .0963 “  .0963 4.30 |.42 
8 943 921 92.5 90.3 1.024 .09426  .08126* 6.153 |.50 
9 95.5 915 935 90.5 1.044 .08330 0500 | 10.84.54 
10 «694.3 87.9 94.3 94.3 1.072 .2550 “ 14.95 |.60 
“ 92.6 87.1 95.0 93.6 1.062 .2358 .03721** 17.49 |.65 
12“ «82.2 63.9 95.7 95.5 1.285) 1.1130 .0184 36.0 .66 
13“ 688 38.6 97.0 96.5 1.783 2.7863 “  .0173 39.2 | .68 
14“ «©6195 246 98.0 97.9 7.926 10.7199 « 50.3. .70 
15 43.6, 8.1 99.0 98.5 5.382 9.4777 59.4 |.73 


that in general, when the absorption of the supporting medium 
could not be neglected, that the difference between the absorption 
of the colloidal solution and the supporting medium was proportional 
to the concentration. If we take the ratio of (¢— w) for any two 
concentrations for a given wave-length, the result should be equal 
to the ratio of the concentrations. Table XI. contains the results . 
of such computations for the colloids of platinum and silver. At 
the bottom of each column is given the ratio of the concentrations. 
The results contained therein show conclusively that the relationship 2 
deduced from the theory is correct. The range over which these 
values extend is about three times the length of the visible spectrum 
( and yet there are no evidences of marked regular deviation from 
proportionality. In this connection it must be borne in mind that 
| an error of a fraction of one per cent. in the experimental determi- 
nation of /, and /, introduces a very large error in the value of the 
| 


| 
1.45 10°. 


-_. eis 5 6 7 8 9 | 10 

ave- | F (a?—2v?)? 

length in I I “3. t—w | 


5.8910 75.2 45,0 75.1 45.0 1.672 1.008 | 1.008 4088.45 
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absorption coefficient, owing to the fact that the expression for the 
absorption contains a logarithmic function, and hence any regular 
deviation from the prediction by the analysis would make itself evi- 
dent when the absorption coefficient had been determined. 


TaBLe IV. 
Gold Colloid in Ethyl Malonate. 


6 77.81 49.31 76.2 48.3 1.578 .9626 | .0626 « 4988.48 
7 84.90 77.61 801 73.9 1.093 .2290 « | .2290 « 2.640 .60 
8 90.23 86.75 84.3 80.9 1.040 .1151 | .1153 6.250 .71 
9 93.50 91.13 86.1 85.1 1.026 .0860 “ | .0740 “ | 10.403 .77 
10 92.87 | 90.69 87.2 1.024 .0850 | .0490 16.67.82 
96.50 93.68 91.0 87.5 1.030 .1147 “ 0341“ | 24.93.85 
12 94.72 87.30 920 919 1.085 .3642 02324 37.4287 
13 96.10 78.64 |94.2 90.2 1.222 .5624 01772 
14 96.81 88.17 94.9 97.0 1.098 .4856 01280 64.39.90 
1S «95.50 77.39 96.5 94.5 1.234 1.1701 01126 «80.80.91 
16 81.25 50.94 98.0 97.5 1.595 2.8872 00928 99.93.93 
17 74.90 $5.40 98.6 99.0 13.57 2.8963 | .00762 = 123.394 
18 88.00 $9.37 99.0 99.0|14.77 2.6183 « | 00652 | 146.52 |.95 
u=.759 10°. 


It has thus been shown that for the colloidal solutions investigated, 
the absorption is directly proportional to the concentration, and that 
furthermore, the conditions for the application of the analysis for the 
determination of the refractive indices of the metals is warranted ; 
namely, that there are many particles to the wave-length. This 
confirms the results obtained by Mie,' from purely theoretical con- 
siderations, and also agrees with the direct experimental results 
obtained by Zsigsmondy ' and Siedentopf, who by ultra-microscopic 
means found that these colloidal particles are small compared to a 
wave-length and are spherical in shape. 

If in the application of the analysis we find that the values for the 
refractive indices remain constant for a given wave-length, for any 
metal, no matter what the supporting medium is, we are further 
assured of the correctness of the deductions. The values of » ob- 

1 Loc, cit. 
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TABLE V. 
Platinum Colloid No. 3 in Water, 
| ? 9 10 
| ye i gel £ (a*—2v?)? 

hin 4, | | 
69.20 34.77 68.2 34.7 1.990 1.500 X10 1.500 X10 10.32.75 
6 73.41 35.79 72.5 34.9 2.051 1596 | 159 10.93 2.40 
81.23 $1.70 79.0 50.2 LS71 1177 | 1.177 16.63 3.45 
8 «84.10 62.15 82.5 61.0 1.353; .907 * 22.14 4.1 
9 85.98 69.11 84.0 68.6 1.244 .726 “ | .726 27.56 4.3 
10 87.07 70.90 87.0 76.2 1.228 .7918 « 5768 35.08 4.4 
11 88.16 76.79 90.0 82.2 1.184 .6860 4870 « 42.00 4.5 
12 56.18 91.0 84.3 1.387 1.4532 .3576 54.77 4.62 
13. 64.75 33.81 91.2 77.0 1.915 3.128:  .3591 55.05 4.75 
14 ~—« 18.51 21.79 93.3 87.0 8.492 11.0887 « | .3127 « 62.32 4.82 
15 41.25 71.57 939 89.5 5.762 9.7281 .2627 71.79 | 4.85 
51.47 | 12.44 95.1 4.134 8.4085 .2085 81.39 4.89 
17 46.42 14.86 96.0 91.1 3.122 7.1656 .2156 88.09 4.92 

w= 2.18 10°. 

VI. 
Platinum Colloid No. 2 in Ethyl Malonate, 

I 2 3 | 4 5 6 7 8 9 
Wave- | | | (a2—av?)? 
length in Be | i, Th | t t—w | 
5.89X10-*| 80.21 48.00 78.9 47.5 1.671 .6458X10° 6458X10°5 10.32 1.40 
6 | 81.40 56.53 80.5 56.0 1440 .8114 “ 10.93 2.55 
7 85.64 65.71 87.2 64.0 1.288 .5918 16.63 3.59 
| 89.30 76.65 82.7 1.165 .4549 « 4549 22.14 4.05 
9 | 93.31 81.01 865 75.9 1.153 .4753 .3633 “ -27.56 4.30 

-95.52 87.55 90.0 83.3 1.091 .3261 35.08 4.49 
1l 97.81 91.84 93.0 87.1 1.065) .2540 “ 42.00 4.59 
12 96.80 86.57 94.0 91.2 1.117. .4939  .1799 54.77 4.67 
13 96.02 82.61 94.1 93.0 1.163 .7252 | .1805 55.05 481 
| 96.91 86.29 95.0 94.5 1.123 .6299 « | 1571 “ 62.32 4.86 
94.60 76.85 95.5 93.2 1.231 1.1901 “ 71.79 4.89 
16 79.59 49.01 96.0 93.3 1.624 2.8732 81.39 4.93 
17“ | 73.32 $3.40 96.7 95.5 1.373 1.9947 88.09 5.15 


z= 1.091 x 10°. 
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tained for gold, platinum and silver show that they are independent 
of the supporting medium. The values of the refractive indices for 
silver range from 0.34 for the wave-length 5.89 x 10~° to 0.72 for 
the wave-length 15 x 10-°cm. The values for platinum begin 
with 1.48 at the wave-length 5.89 x 10~° cm. and rise steadily to 
5.02 at a wave-length 17 x 10°-°cm., while for gold the values ex- 
tend from 0.45 to 0.95 for the wave-lengths, 5.89 x 10°° cm. to 
18 x 10~* cm. respectively. 
Tasie VII. 
Platinum Colloid No, 1 in Ethyl Malonate. 


we | 2 | 3 si 2 1 7 8 9 To 
ave- 2.4 (a?—2v?)? 

=: | ds | a? 


5.8910° 87.0 74.89 87.0 74.9 1.163  .3282X10- .3282x10 | 1032 1.30 


6 “ (884 (72.40 87.5 71.5 1.221, 4262 4262 10.93 2.40 
7 “ 95.2 | 84.86 89.0 80.8 1.123 3129 « 3129 « 16.63 3.50 
8 96.03 88.50 89.9 828 1.085 « 2429 « 22.14 4.0 
9 (97.5 91.89 90.5 85.7 1.061, .1985 “ 27.56 42 
10 ** | 98.49 94.43/93.1 40.0 1.043 | « 35.08 4.5 
11 99,83 96.64 94.2 92.7 1.033 1401 1315“ 42.00 4.6 
12 ** 97.61 89.00 94.8 93.7 1.096 4100 “ | 54.77 4.65 


13 97.10 85.03 95.2 97.5. 1,142 6412 0965“ 55.05 4.80 
14 «97.89 87.95 96.0 96.5 1.113 0828 62.32 4.85 


15 95.81 78.09 96.8 95.1 1.227 1.7277 | « 71.97 4.90 


16 (80.59 51.43. 97.1 98.0 1.567 2.8186 81.39 4.95 
97.5 1.363 1.9475 0588 88.09 05 


= .584 10°. 

It was quite surprising to learn that the values of the refractive 
indices increased with increasing wave-length, yet after having found 
this to be the case, it was at once apparent that the behavior of the 
metals as regards their reflection would lead one to expect that there 
should be found a region of anomalous dispersion, extending into 
the infra-red, and having its origin in the region of the visible 
spectrum. 

Drude’ and Kundt? have obtained values of the refractive 
indices for the metals, gold, platinum and silver, at a wave-length 
5.89 x 10-° cm., the values for the above metals are 0.38, 2.1 and 


1 Theory of Optics, p. 366. 
* Phil. Mag., 26, p. 5. 
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0.18 respectively. The values obtained in this paper do not agree 
very closely with those obtained by these observers. The values 
reported by Drude were obtained by a katoptric method, which is 
open to the objection that it is indirect and that large experimental 
error may be introduced both in observation and by the existence 
of surface films on the metallic surfaces. 


VIII. 


Absorption Coefficients. 


Of Gum Mastic No. 1. 


5.89X10 | | 

7 4.9 7.75 4.85 7.75 5.51 «5.51 
8 10.5 (46.5 10.3 4.50 4.448 “ 4.448 
9 $7.0 16.5 56.0 162 345 4118 4.118 
10 65.0 22 65.0 23.5 | 2.95 4.000 3.78 
68.0 


12 * 26 76.0 39.0 2.50 4.080 « 3.00 
16 79.0 40.0 350 6032 4.27 
14 67.8 79.0 14.74 13.96 | 
Is 5.7 89.0 710 68 1065 “ 119 


28 8670.0 30.2 243 3.619 “ 3.42 | 


> 


Of Gum Mastic No 2, 


| | 

| | 
— in | 1, i, le t t—w — 
5.89105 | | 


6 19.1 3.26 61.5 188  2.522x10° 2.522x105 

7 | 685 25.9 2.64 665 25.7 2513 “ 2513 22 
8 75.0 34.0) 2.21 73.5 33.2 2.344 2.344 19 
9 41.0 1.95 78.0 40.5 2.223 « 2.223 « 1.86 
10 86.0 47.1, 1.83 86.0 50.5 2.230 200 « | 168 
| 88.0 52.3) 169 90.5 560 2134 194 1.70 
43.0| 1.82 91.0 641 2664 157 “ (154 
28.0) 2.32 915 70.0 4.043 « | 
19/111 93.2 76.0 12.474 
40.9 68.2 | 5.77 93.0 10.06 60 “ 20 


Kundt’s method was a very direct one. He succeeded in ob- 
taining very acute-angled prisms, to which he applied the ordinary 


| 
= = | 
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method for determining the value of ~. This method is open to 
the objection that it is highly probable that such metallic prisms are 
not homogeneous in structure, and it is a very difficult task to 
obtain a measurement, by means of such small angled prisms. 

The method of this paper is a direct one from an experimental 
point of view, and the measurements are capable of considerable 
accuracy, if carefully taken and with accurate apparatus. The 
fundamental assumptions make the method of finding an equation 
for x an indirect one, but it is no more indirect than Drude’s 
method of obtaining , in terms of the azimuth of restored polari- 
zation and the principal angle of incidence. 


TABLE IX. 
Absorption Coefficients, 
| Ethyl Malonate. 
rs 
| | | 
5.89X10° 100 100 100 0 $.89x10* 131 101 1.00 0 
6 “ 101 100 O (101 |101 1.00 0 
7 (105 105 100 0 7 103 100 0 
8 “ (107 1.00 8 102 |102 100 0 
9 108.5 107 101 .0120x10° 9 102 1.01  .0033x10% 


10 106.1 105.2 101) .036 10 100 | 930 106 .2150 « 
11 106.0 104.0 102.0806 11 97.5 93.0 1.05 .1986 
12“ | 103.0 95.0108 .3140 12 86.0) 67.1 1.28 1.0956 « 
102.0. 91.0 1.094 .4728 14 19.95 25 7.98 10.766 
IS 99.1, 82.1121 10875 15 440, 80 550 9.465 

83.0 52.5 1592 2.7584 16 540 135 4.0 8.700 
76.1 56.0 1.35 1.8887 17 | 490 | 1627/3013 6.950 

| 


89.0 60.0148 2.6118 « 18 « 


The final and most striking test of the correctness of the values 
of x obtained by the method of this paper is by means of an equa- 
tion deduced by Drude’ for the reflection coefficient in terms of the 
absorption coefficients a, and the refractive indices ». The equa- 
tion is 

+2 
+ 1)? + a? 
1 Physik des Aethers, p. 457. 
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The values of the absorption coefficients are known from the 
work of Rubens! and Hagen, and the same investigators have ob- 
tained accurate measurements of the reflection coefficients. Sub- 
stituting the values of ” given in this paper and the values of a, the 
values of R, thus computed, should agree with the observed values 
of R. Table XII. contains the results of such computations. The 
computed and observed values of R show a remarkable agreement 
in the case of silver, and the agreement in the case of platinum and 
gold is very good. It will be noticed that an error in x, would, on 
account of the fact that it enters as the second power in the above 
equation, produce a correspondingly greater error in the calculated 
value of the reflecting power of the solid metal. In view of the 
good agreement between calculated and observed values of X, it 
seems that the correctness of the values of reported in this paper 
is placed beyond question. 


TABLE X, 
Absorption Coefficients.' 


Wave-length | Platinum. 
4.08 16.65 2.82 7.95 3.67 (13.47 
6 “ 4.16 17.30 2.91 8.49 4.20 17.64 
7 “ 4.81 23.13 4.13 17.06 5.52 30.47 
8 “ 5.36 28.83 5.19 26.94 6.21 37.70 
9 5.94 34.28 6.00 36.00 52.56 
10 “ 6.47 41.86 6.99 47.61 8.00 64.00 
ll 6.85 4692 7.80 60.84 9.15 83.40 
12 “ 7.85 6165 885 78.33 10.3 110.0 
13“ 7.87, 61.93 94.04. 
14 “ 8.32 | 11.8 138.2 
15 | 8.93 79.27 11.3 127.69 12.4 153.96 
16 9.38 88.3412 146.41 
17 « | 980 95.04 13.0 169.10 | 
_ 18 «| 187.67 
CONCLUSION. 


In the endeavor to supplement the existing data obtained for col- 
loidal solutions and turbid media in the visible spectrum by extend- 
ing the field of investigation into the infra-red region of the spectrum 


1 Phil, Mag., 157, 1904. 


| 


No. 4.] COLLOIDAL SOLUTIONS, 261 


XI. 
Silver. Platinum. 
eames tn (t—w for No. 1 (t—w) for No. 1 (t—w) for No. 2 (¢—w) for No. 1 (¢—7w) for No. 1 (¢—w) for No.2 
cm. (t—w) for No. 2 (t—w) for No. 3 (¢—w) for No. 3 (t—w) for No. 2 (¢—w) for No. 3 (¢—w) for No.3 

5.89 10° .65 1.10 1.69 .50 21 -427 

6 -68 1.62 2.40 -517 .265 51 

7 -75 1.66 2.04 -517 .265 -50 

8 .70 1.50 2.01 .53 .26 .52 

9 -61 1.52 2.50 .50 .50 
| 1.49 2.07 .26 | 
1l -715 1.08 1.51 ood -50 
122 .73 | 1.45 2.05 .50 .265 | .49 
« .735 1.46 2.01 50 27 50 
14 = 1.46 2.01 51 -257 
15 “ .747 1.44 2.02 .54 .27 .50 
6 | 52 .28 .53 
| | 5S | |  .38 

Mean .706 1.43 | 2.03 52 .26 -50 

Retios ef | No. 1 No. 1 No. 2 No. 1 | Nol No. 2 


| 
| 


as far as present means will permit, the writer, by the help of the 
analysis developed in the course of the research, has arrived at the 
following conclusions : 

1. That the difference between the absorption of the colloidal 
solution and the absorption of the supporting medium is directly 
proportional to the concentration. For turbid media this cannot be 
said to be the case, generally, owing to the variation of the size of 
the particles for different media. 

2. That the Rayleigh formula, 


— 1) 


H > ’ 


where // is the absorption, the refractive index of the particle, and 
4 the wave-length, holds neither for the case of turbid media, for 
which it was developed, nor for colloidal solutions. The law of 
absorption cannot be stated definitely from this work. 

3. That'the values of the refractive indices m, for the metals, de- 
termined by this method are independent of the supporting medium 
and are strictly inherent in properties of the metals themselves. 
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4. That the final test as to the correctness of the analysis, by 
means of the equation of Drude, 


+ 1)? + a?’ 

where & is the reflection coefficient and a the absorption coefficient, 
places the values of the refractive indices obtained for the metals 
gold, silver and platinum beyond question. 

The writer wishes to express his gratitude to Professor A. Trow- 
bridge at whose suggestion and under whose direction and advice, 
the work was finally brought to its present state. The writer also 
expresses his indebtedness to Professor G. A. Hulett for valuable 
suggestions and aid in the construction of the standard batteries. 
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ON THE BURSTING STRENGTH OF GLASS TUBING. 


By J. R. Rorsuck, 


HE bursting strength of a number of samples of glass tubing 
were determined as a preliminary to some work with high 
pressures in glass apparatus. Similar work has already been pub- 
lished by Bradley and Browne ' but they worked only over narrow 
ranges of bore and wall. In view of the small amount of data on 
this subject, it seemed profitable to extend this preliminary series 
and to publish the results. 

The glass was ordered from Eimer and Amend, German soda 
glass specified, and the maker’s name requested. After the work 
was under way it was ascertained that the tubing had been picked 
from the stock on their shelves and possibly came from more than 
one maker. Some of the variation in the results may be due to 
this cause but the work of Winklemann and Schott has shown a 
variation in the tensile strength of only about a factor of three with 
extreme variation in the composition. Generally the samples 
handled similarly in the blowpipe and joined readily tothe capillary 
tubing employed as leads. This tubing of soft German soda glass 
is the kind generally used in glass apparatus and consequently the 
kind a knowledge of whose strength is the most useful. 

For the sake of uniformity the shape of tube employed in the 
preliminary tests was used throughout practically the whole series. 
In the case of a few of the heavy walled tubes however it was 
necessary to mount them directly in the machine as the leads often 
fell below them in strength. The tubes to be tested were drawn 
down at both ends to 1 mm. or less bore and about 3 mm. wall 
and one capillary end sealed. The part of the tube free of constric- 
tion was I5 cm. or more except in a very few instances where the 
chances of glass working in heavy walled tubing made them a few 


cm. less. 
1 Jour. of Phys. Chem., 8, 37, 1904. 
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A number of samples of different glasses were tried first and they. 


all showed the presence of heavy strain by their repeated cracking 
in the flame. This conclusion was checked by immersing the 
tubing in a mixture of aniline and alcohol of approximately the 
same refractive index as the glass, to exclude lens effects, and 
examining between crossed nicols. It was immediately apparent 
that the glass would all require careful annealing both before and 
after working in the flame. The preliminary annealing was neces- 
sary as otherwise the tubing flew to pieces repeatedly during the 
most cautious heating in the smoky flame. Accordingly an electric 
furnace consisting of a porcelain tube wound with nickel wire, was 
built and well covered with asbestos packing. An iron-copper 
thermo-couple with one junction exposed to room temperature 
served to duplicate the temperature employed which was fixed by 
observing the galvanometer deflection when a long rod through the 
furnace could be slightly but permanenly bent. The E.M.F. had 
fallen almost to zero again and corresponded to a temperature in 
the neighborhood of 500° C. The procedure was to heat the fur- 
nace filled with tubes slowly to this temperature, requiring close to 
an hour, hold at this temperature for about an hour and allow to 
cool spontaneously, usually over night. Under this treatment the 
glass tubes never stuck together nor to the furnace but required 
careful support throughout their length. The tubes so treated 
showed absolutely no illumination between crossed nicols. 

The difficulty of joining glass and metal tubing has been a source 
of constant annoyance to those attempting it. In some of his papers 
Kammerling Onnes' refers to ‘“ Cailletet’s method” but gives a very 
meager description of the method he uses. It seems to be sub- 
stantially as follows. The glass tube, swelled or constricted slightly 
in one or two places, is first coated with a film of platinum or silver. 
The silver may be put on in an ordinary silvering bath but is more 
trouble than the plantinizing. A good conducting film of platinum ? 
may be obtained by brushing over the glass a water solution of 
platinum chloride and dextrine, say one or two per cent. of each, 
drying the tube well above the flame of a Bunsen burner and 


1Proc. Amsterdam Acad., 8, 75, 1905. 
2 Threlfal, Laboratory Arts. 
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finally incinerating directly in the flame. Any small flakes of 
platinum may be brushed off with a soft wad of cotton and the 
film will be bright, conducting but semi-transparent. This is then 
copper plated from .5 to 1 mm. thick and 3 to 4 cm. along the tube, 
a loop of wire around the tube serving for preliminary contact. 
Sweating into a brass or iron tube finishes the joint. One of these 
joints has been in satisfactory use in a vacuum apparatus in this 
laboratory for months. I have had several carry 670 atmospheres 
pressure without leak or rupture. The glass rarely breaks inside 
the metal and will stand rough treatment, for example, cooling the 
metal of the sweated joint with wet cotton, which was the regular 
proceeding with the 6 mm. capillary tubing joints. The metal 
clings to the glass strongly as shown by it requiring 300 atmos- 
pheres on the end of a6 mm. capillary tube to make the glass 
slip inside the metal sheath although the glass was a plain cylinder 
without constriction or enlargement. Small bubbles in the thin 
copper sheath were frequently noticed, apparently due to the vapor 
pressure of water included during the plating, and these bubbles 
always left the glass at a considerable angle. It is difficult to speak 
highly enough of the exceedingly satisfactory performance of these 
joints. 

In making the tests the annealed tubes were joined to previously 
prepared glass capillary leads and this joint annealed only in the 
smoky flame. The capillary was sweated to the connector for the 
Cailletet pump and the pressure applied steadily with the pump for 
low pressures and in increments of about 5 atmospheres for the 
high pressures using the screw plunger, until the tube burst. In 
cases where the capillary lead burst it was replaced and the test 
repeated. In a few instances when the glass had been brought to 
near the breaking point, on repeating the application of the pres- 
sure, the tube would break much below the previous pressure. No 
trace of strain as indicated by double refraction could be observed 
in tubes either broken or unbroken by the first tests and the same 
phenomenon occurred after annealing between tests. It is possible 
that the extremely sudden shock of the first break had weakened 
or broken the surface under strain. Phillips’ has shown that glass 


1 Phil. Mag. (6), 9, 520, 1905. 
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rods of small cross-section steadily increase in length when sub- 
jected to tensions near the breaking tensions. The effect of such a 
yielding under tension in the case of tubes should be to distribute 
the strain deeper into the glass wall and so increase the bursting 
pressure. In the present case the pressure was not applied for more 
than a few minutes so that this effect probably had not time to 
show itself. It is well known that metals increase in strength when 
carried slightly beyond the elastic limit. These observed cases 
might be taken to indicate that glass tubing weakens under strain, 
an effect which other observers also suspect. The experiments of 
Phillips cited above, the results recorded by Hovestadt ' on the ten- 
sile strength of glass bars, and the behavior of metals all point the 
other way. As far as these results are concerned the shock may 
have been the cause of weakening. 

The character of the break as indicated by the fragments show 
that the tubes almost invariably split longitudinally, in many cases 
into long narrow ribbons. The capillary tubes occasionally simply 
split into two pieces. In case the destruction was not complete in 
the larger tubes, the upper end seemed more liable to complete de- 
struction probably from the small amount of compressed air there, 
as no care was taken to fill the tubes completely with the oil. 

' A set involving 4 tests each of tubes of 1, 2, 3, 4, 5, 6, 7 mm. 
bore each with 1, 2, 3, 4 mm. wall was carried out as far as possible. 
The results of the tests are given in Table I. The measurements 
of the tubes were made by cutting them from the long sticks and 
measuring each end with a micrometer microscope. Obviously 
very careful measurements were not required and only tenth milli- 
meters are recorded. The tubes varied slightly both on different 
diameters and at different ends, and in view of the variation in the 
breaking pressure, an average of these measurements seemed suffi- 
cient. In the table the bore and wall are each given in millimeters, 
r is the ratio (r,/7,) of the external to the internal radius, 7 is the 
bursting pressure in atmospheres, and 7 the circular tension in 
atmospheres on the inner surface to be described more in detail 
later. The list is divided into groups of roughly the same bore with 
increasing wall. Sets of roughly the same bore and wall, indicated 

1 Hovestadt, Jena Glass, Macmillan, 1902, 
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Ng __—iBore. Wall, P | T | Av.T 
1.9 | 2.15  >667) 1150 
1.1 1.9 2.15 607 | | 1030 
Ll 21S 620 570 |S 
11 19 337) 670 
| 1.4 3.1 | 5.43 640) | 832 | 
3.1 5.42 | 832 | «722 
3.1 5.42 387) 503 
«i218 1.0 | 2.17 300) 518 | 
218 2.17 433 750 
0 10 | 217 | 2of| aso | 970 
1 | 18 | Lo | 217 253) 
12 | 192.9 | 4.05 | 293) | 400 
3 19 | 29 | 4.05 487 | 
6 19 4.05 267) 363 
16 4.0 | 5.00 527) 695 
172.0 4.0 5.00 | 400|. «528 
| 19 40 5.00 433) S72 | 
2 | 32 | 09 
2. | 32 | 09 | 157 | 275 | 64 
48932 | 09 | @ | 
23 32 «(09 LST 230 | | 564 | 
2 (33 14 | 182 313 315 594 
26 3.3 14 | 182 | 300 | 570 | 
27 28 17 2.14 | 253) 
23 | 28 1.7 2.14 | 447 | (778 
30s 2.8 1.7 2.14 253 490 
| 31 | 28 | 3.2 3.25 473) 676 
| 32 | 28 | 3.2 3.25 520 431 | 743 | 615 
i 33 2.8 3.2 | 3.25 300 428 
I) | 34 | 2.8 3.4 | 3.43 553 780 
35 2.8 3.4 | 3.43 367 
36 | 2.8 34 343 | 413 | sso | 5 
|| 37 2.8 3.4 | 3.43 567 792 
38 3.6 Ll | 177 280 630 
39 3.6 | 20 | 230 450 «(518 
40 3.6 1.1 1.77 210 472 
i 41 3.8 3.0 2.58 400 630 | 
| | | 38 | 30 258 | 367] 576 
| 43 3.8 3.0 2.58 327 | 
iM 44 3.9 3.0 | 2.54 380 404 596 
|| 45 3.9 3.0 2.54 | >473 
46 | 4.0 | 30 254 575 
47 4.0 3.0 2.54 513 804 
| 
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Average 619 
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No. | Bore. Wal, | or P| AvP | Av. 
48 | 4.4 4.0 2.82 295) 
49 | 4.4 4.0 2.82 380 401 | 570 601 
50 | 4.4 4.0 2.82 527} 790 
515.5 1.0 136 0-247) 825 
s2 | 5.5 1.0 1.36 230 | 770 
53 5.5 1.0 136 | 2assf| 7 | ass 738 
54 5.5 |} 10 1.36 150 520 
55 2.0 1.80 333 727 
56 5.0 2.0 1.80 320 704 
57 5.0 2.0 | 1.80 380 327 837 78 
58 5.0 2.0 | 1.80 277 610 
59 5.0 4.0 | 2.60 353) 555 
60 5.0 4.0 2.60 340+ 369 535 £80 
61 5.0 4.0 | 2.60 413 J 647 
62 4.8 4.0 2.46 200 } 320 
63 4.8 4.0 2.46 245+ 247 392 394 
64 4.8 4.0 | 2.46 295 J 472 
65 «6.0 0.9 130 135 
66 6.0 0.9 1.30 180 683 
67 6.0 0.9 | 1.30 120 151 as | ™ 
68 6.0 0.9 170 544 
69 6.3 1.6 151 245 640 
70 6.3 16 225 235 587 
71 6.2 3.6 2.17 290) 510 | 
72 6.2 3.6 2.17  >600 1280 | 
73 6.2 3.6 2.17 280 350 493 —- 616 | 
74 6.2 3.6 2.17 300 528 | 
75 6.2 3.6 2.17 280 493 
76 6.2 4.0 | 2.28 295 514 | 
77 6.2 4.0 | 2.28 | 208 \ | CS | 
78 | 6.6 12 | 136 634 | 
79 | 66 12 | 136 | 170 567 | 
80 6.6 12 | 136 | 20f| ™ 733 ses | 
81 6.6 1.2 136 195} 650 | 
82 6.5 15 1.46 160 427 | 
83 6.5 LS 1.46 m | | 
84 6.7 3.2 1.81 | 212) 382 
85 6.7 3.2 1.81 25+ 460 415 
86 6.7 3.2 1.81 227 J 408 
| 70 | 35 | 200 | 20 | 
| 
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by the brackets, are grouped and the averages of P and 7 given in 
the remaining columns. Ina few cases the tubes were not broken 
and this is indicated in the table by the sign > before the value of P. 


Bore,mm.  §£Wall, 1mm. Wall, 2mm. Wall, 3 mm. Wall, 4mm. 


570 


The numbers recorded are the ‘‘ Av, ?’’ from Table I. 


In Table II. are grouped diagrammatically the values of Av. P 
from Table I. It will be immediately obvious that the strength is 
not at all proportional to the thickness of wall but that added thick- 
ness produces less and less proportional effect as the wall grows 
thicker. It will be observed also that the bursting pressure is not 
inversely proportional to the bore but that the strength falls off 
much less rapidly than would be expected. This is to be referred 
to the more regular distribution of the strain in the wall with lessen- 
ing curvature. In Table III. are the numbers of Table II. multi- 
plied by the bore in millimeters and divided by the wall in millimeters 
and the regular variation of the numbers both horizontally and 
vertically emphasizes the variation from this simple relation. 


Bore, mm. Wall, 1 


622 


1,100 

906 

__1,358 

The numbers recorded are the “Av. ?”” of Table 
and divided by the wall in mm. 

Formule for the strength of thick-walled tubing have been worked 

out in connection with problems in the design of cannon. The most 


I, multiplied by the bore in mm. 


Taste II. 
1 |_| | 555 
2 311 423 453 
3 | 280 | 341 456 
4 230 404 401 
5 220 327 305 
6 151 235 321 
TaBLe III. 
Wall,zmm. Wall,3 mm. Wall, 4mm. 
2 282 226 
; 3 840 | 512 | 456 
- 4 920 539 401 
it 
} 
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complete of these are probably Clavarino’s. His formula for the 
distribution of circular tension in the wall of a long tube, whose ends 
also support the pressure, is 


T = (1— 2e) +53 


where 7, is the external et ry, the internal pnt Pp, is the internal 
and /, the external pressure, x is the distance of the point being 
considered from the axis of the tube, and ¢ is the coefficient of lateral 
contraction which is here 0.260 or one fourth. In all the cases 
considered in this paper f, is not greater than one per cent. of 9,, 
and may be neglected. For the tension on the inner surface put 
+ =r, and the expression reduces to 


T= — (2) 


where ¢,/r, = 7. 
For tension on the outer surface put + = 7, and 


In the deduction of these formule it has been assumed that 
strain is always proportional to stress, which only holds within the 
elastic limit. It is an open question whether glass will be per- 
manently deformed in a short time by strains insufficient to cause 
fracture. For this reason and for want of any knowledge of stress 
and strain beyond the elastic limit equation (2) above has been ap- 
plied to the calculation of the circular tension in the inner surface 
of the tube at the bursting pressure. The results are listed in the 
column Zin Table I. Table IV. is similar in form to Tables II. 


TABLE IV. 


Bore, mm. Wall, 1mm. | Wall, 2mm. | Wall, 3 mm. 


990 | 722 
575 
620 615 
635 


718 
614 
573 415 


The numbers recorded are the ‘‘ Av. 7°’ from Table I. 


| 
2 670 528 | 
3 620 
4 518 601 
| 738 580 
6 572 616 
___ 
| 
| 
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and III. and the numbers are those under Av. 7 from Table I., and 
they show no systematic variation with the variation of either bore 
or wall. In view of the variation of the readings for different tubes 
from the same stick, the values of Z may be considered constant 
within the limits of individual observations and the rupturing surface 
tension set at the general average 619. It may also be concluded 
that this formula is satisfactory for calculation of bursting strength 
from this value of Z within the limits of the above experiments. 
The numbers given in the column headed 7 in Table I. are ten- 
sion expressed in atmospheres. In the more usual units the general 
average 619 gives 6.39 kg./mm.’ as the rupturing surface tension. 
The tables in Bradley and Browne’s article cited above have been 
recalculated by this formula and the average value of 7 for each 
table is given in Table V. Hovestadt gives the results of Winkle- 


TABLE V. 


mann and Schott’s tests on the tensile strength of different Jena 
glasses and their values, while very concordant for each glass, run 
from 2.8 to 9.2 kg./mm.’? Kowalski’ gets results from 8.5 to 8.9 
kg./mm.? for the particular glass he used. The agreement between 
these two ways of determining the tensile strength is precisely such 
as the variation in composition would lead one to expect. In view 
of this agreement there is sufficient justification for pointing out 
some of the obvious results of the above formula. 

As an aid in the calculation of 7, the values of g and + were 
plotted and form the upper curve in Table VI. In order to make 
the curve useful for small values of (y — 1) the nearly vertical part 
of the curve has been plotted again with the scale of r multiplied by 
10, and forms the curve on the right. The general curve approaches 
a rectangular hyperbola with asymptotes (r — 1) and (¢ — 1). 

The deductions which can be made from the form of this curve 
will be made more evident by the lower curve which is the plot of 
1 Wied. Ann., 36, 306, 1889. 


A 358 3.70 | 674 | 697 
B 62 | 633 | 74 | 7.38 
| 
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TABLE VI. 


r and ¢ where ¢ is the factor for the tension in the outer surface. 
The curve is again approximatly a rectangular hyperbola but with 
the asymptotes (f — 1) andv. Also it approaches the axis of r 
much more rapidly than does the ¢ curve. 

For values of r greater than about 4, ¢ becomes practically a 
constant and 

or the bursting pressure is independent of 7, that is, independent of 
both internal and external radii. This is confirmed by the value of 
¢v at y = 4, which is about 15 per cent. of ¢, so that the outer layers 
of the wall with increasing values of r carry practically no tension. 
This had been previously observed experimentally in the behavior 
of capillary tubes whose walls were two to three mm. and whose 
bore varied from one mm. to markedly less. The rupture occurred 
as often in the fine part as in the larger part. It will be obvious 
that there is no gain in reducing the bore of an ordinary capillary 
tube below I mm. 


273 
Curve ¢. Curve wy. 
r | r | 
1.1 9.6 | 1.1 | 8.33 
1.12 | 8.13 | 1.11 7.53 
1.15 6.72 | 1.12 6.88 
1.2 5.23 1.15 5.43 
1.3 2 3.79 1.2 4.0 
1.4 3.07 1.3 2.54 
1.5 2.66 1.4 | 1.82 
1.6 2.37 1.5 | 1.40 
1.8 2.03 | 1.6 | 1.12 
2.0 1.83 1.7 0.926 
2.2 1.70 | 2.0 | 0.583 
2.5 1.59 2.5 0.333 
3.0 1.47 3.0 | 0.219 
3.5 | 1.40 | 4.0 | 0.117 
4.0 1.37 | 5.0 0.070 
5.0 1.32 6.0 | 0.050 
6.0 1.30 | 7.0 0.0365 
7.0 1.28 | 8.0 0.0278 
8.0 1.28 | 9.0 | 0.0219 
9.0 1.27 | | 
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When +r becomes nearly unity, variations in 7 will produce varia- 
tions in ¢ almost entirely in the factor (7 — 1). So that here 


Ww 


where w=yr,—~7,, which is the simple formula usually employed 
for thin-walled tubes. The values of r for which this formula is 
suitable are important. For this simple expression to hold the ten- 
sion must be practically uniformly distributed through the wall. 
Reference to the two curves, Table VI., will show that even in the 
case of ry = 1.1 the tensions differ by 15 per cent. This is sucha 
case as a wall of 1 mm. and a bore of 18 mm. and has a thinner 
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Fig. 1. 


‘wall for its bore than almost any tube in practice. In fact none of 
the ordinarily used tubes can be treated as even very approximately 
“thin-walled.” Simply to illustrate this point the necessary parts 
of Bradley and Browne’s Table A has been reproduced in Table VII. 
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The values of the breaking surface tension calculated from the data 
for r and P are given under 7: Using these values of 7 as the 
limiting tension on the surface, the pressure P’ required to produce 


Fig. 2. 
VII. 
1 1.19 270 514 185 
2 1.38 415 712 | 285 
3 1.24 304 570 208 
4 1.29 373 670 | 256 
5 1.34 293 509 | 201 
6 1.45 496 785 339 


this tension when r = 3, that is, for bore equal to wall, has been cal- 
culated and is given under P’. This will correspond with their 
calculated “norms” (PW/B). While they use their “norm” only 
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for comparison they state that it represents the bursting pressure of 
a tube where W/5=1. Their numbers are from 2.3 to 3.0 times 
greater than P’. Even for purposes of comparison the norm is not 
entirely satisfactory, a careful review of their data showing that 
when /V/2 increases the norm falls off. Except that they worked 
over such a narrow range of bore and wall this could not have 
escaped notice. 

It will hardly need pointing out that this formula is of value 
largely for the purpose of calculating the required thickness of wall 
for a given bore and tensile strength to carry a given pressure. A 
factor of safety of at least 2 should be allowed even in the case of 
well-annealed tubes. For these calculations the curve ¢ will be 
found very serviceable. As pointed out by Bradley and Browne 
the wall thickness required is much less than ordinarily employed 
and it can be further pointed out that the extra wall thickness does 
not add nearly the strength usually expected. 

The principal results of this paper are : 

1. The testing of an excellent glass-metal joint. 

2. The necessity for annealing commercial heavy-walled tubing 
to get the highest bursting strength. 

3. The experimental proof of a formula for calculation of the 
tension on the inner surface at the bursting pressure, and the agree- 
ment of this with tensile strength. 

4. For tubing where the wall thickness is greater than the bore, 
the bursting strength is practically independent of both bore and 
wall, and is approximately 1.3 times the tensile strength of the glass. 

5. That no glass tubing in practical use should be treated as 
“ thin-walled.” 

6. The use of the formula for calculating the required wall fora 
given tensile strength, bore and pressure. 


PuysicAL LABORATORY, 
UNIVERSITY OF WISCONSIN, 
November Io, 1908. 
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THE TEMPERATURE (COEFFICIENTS OF THE MOV- 
ING COIL GALVANOMETER. 


By ANTHONY ZELENY AND O. Hovpa. 


HE increasing use of the moving coil galvanometer for deflec- 
tion work of precision renders a knowledge of its temperature 
coefficients desirable. The coefficients, however, differ greatly in 
different instruments so that no values can be determined which are 
applicable in general with any high degree of accuracy, but their 
nature and order of magnitude can be learned from the values that 
have been obtained for one type of the instrument. 

As no similar determinations appear to have been published, the 
method employed in obtaining the values of the coefficients is de- 
scribed and the deductions are given at some length. This is done 
to show also some peculiarities of the instrument, which may not 
be generally known. 

All observations were made on two galvanometers' having 
chilled cast-iron magnets. 


§ 1. THe TEMPERATURE COEFFICIENT FOR CURRENT 
MEASUREMENTS, 


The diagram of the apparatus employed for determining the tem- 
perature coefficient for current measurements is shown in Fig. 1. 
The galvanometer G was inclosed in a double walled jacket /, hav- 
ing a small window IV for the taking of observations. The con- 
stancy of the temperature of the water circulating between the 
walls of the jacket was maintained automatically. The air sur- 
rounding the galvanometer was kept in motion by two fans operated 
by a small motor, and the temperature of the galvanometer was 
determined by means of a mercury thermometer. To insure that 
variations in the results were not due to manipulation in obtaining 
a constant current, two independent circuit arrangements were 


1 Leeds and Northrup Co., “‘ P Type.’’ 
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employed as shown in the diagrams A and B of Fig. 1. These were 
connected to the galvanometer, in succession, by means of the com- 
mutator A,. The current flowing through the galvanometer was 
maintained constant during each set of readings for all the observa- 
tions taken at the various temperatures. When the circuit B was 
employed, the resistance R, was 500,000 ohms when the upper 
suspension was of phosphor bronze and 300,000 ohms when it was 
of steel. This high resistance rendered negligible the change in 


-O- 
Pole 


aleden Portentiometer 


E Ke Ks 


Fig. 1. 


resistance of the galvanometer. When the circuit 4 was employed, 
the constancy of the main current was maintained by means of the 
resistance R, and the secondary circuit containing the cadmium cell 
S, while the resistance of the galvanometer branch was maintained 
constant by altering the resistance in the box X, to correspond to 
the known change in the resistance of the galvanometer. 

The same galvanometer coil and lower phosphor-bronze spiral 
were employed in all determinations, while the upper suspension was 
either of phosphor bronze or of steel. 
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In the preliminary determinations it was found that between 0° 
and 60°C. the results obtained for the temperature coefficient were, 
to the limit of accuracy attained, independent of the temperatures 
employed. 

The effect of thermo-electric currents was eliminated by taking 
the null readings while the keys K, or K, were turned so as to cut 
out the battery and leave the galvanometer circuit closed. 

The observations and results obtained, when using a 3 mil phos- 
phor-bronze suspension 13 centimeters in length, are given in Tables 
I. and II. The observations were taken on a circular scale ata 
distance of 50 centimeters. 


TABLE I. 


Galvanometer No. 6788. Phosphor-Bronze Suspension. 


Temperatures. — | Defiections at Temperature 
Circuit. Difference. Coefficient for 
5.1 54.7 A 21.748 | 21.9099 +0.161 + 0.00015 
5.2 54.7 | B 18.539 18.634 0.095 -00010 
54.7 5.2 A | 21.894 | 21.748 0.146 .00014 
54.7 5.1 B 18.631 18.532 0.099 -00010 
4.9 54.4 A 18.454 18.590 0.136 00015 
5.0 544 B 18.420 18.545 0.125 00014 
54.4 5.0 A 18.593 18.472 0.121 00013 
55.4 5.0 | B | 18560 | 18.430 0.130 | —— .00014 
+ 0.00013 
Taste II. 
Galvanometer No. 6737. Phosphor-Bronze Suspension. 
Temperatures. Deflections at Temperature 
—__—____—__ -__—_| Circuit. Difference. | Coefficient for 
56.5 50 | A 17.850 | 17.680 | +0.170 + 0.00019 
56.4 5.0 B 17.959 17.743 0.216 -00024 
34.7 148 | A 17.791 17.717 0.074 -00021 
34.7 144.8  #%$.B 17.842 17.749 0.093 -00026 
18.8 44.2 ##%A 17.738 17.853 0.115 -00026 
188 442 #4®3@B 17.745 17.855 0.110 .00025 
443 2.6 A 17.861 17.775 0.086 .00020 
44.2 205 | B.| 17.867 | 17.781 | 0.086 00020 
+ 0.00023 


| 

, 
| 
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The average of the above two valuesis assumed to be the approx- 
imate temperature coefficient for this type of galvanometer when 
its upper suspension is a 3 mil phosphor bronze strip. The expres- 
sion for the relation of the deflections for equal currents at different 
temperatures then may be written 


d/ = d,, [1 + 0.00018 (¢ — 20)]. (1) 


In Table III. are given the observations and results obtained for 
galvanometer No. 6788 when the upper suspension was a steel 
strip. The figure of merit at 20° was now 5.48 x 107 in place of 
2.26 x 107’ for the phosphor-bronze strip. 


Taste III. 
Galvanometer No. 6788. Steel Suspension. 


Temperatures. | 


Defiections at | Temperature 


—-- — -— | Circuit. —— Difference. Coefficient for 
2:7 53.7 A 12.702 12.706 +0.004  +0.00001 
2.5 539 | B 12.695 12.692 —0.003 —0.00001 
53.7 35 | A 12.672 12.671 +0.001 00000 
53.9 36 | 12679 12.677 +0.002 00000 
| 0.00000 


This shows that the temperature coefficient for this galvanometer 
with a steel suspension is practically negligible. See also calculated 
value of the coefficient for galvanometer No. 6737, in Table VIII, 
which makes the average value for the two galvanometers + 0.00005. 


SourcEs OF ERROR. 


The large variation in the individual results obtained when using 
the phosphor-bronze suspension are due to several causes : 

1. Zero Shift. — On changing the temperature, the null reading 
changed by an amount varying from two to ten millimeters. This 
introduced an error of unknown magnitude due to the change of 
position of the coil within the field and to the eccentricity of the 
scale. Precautions were taken to minimize this error as far as possible. 

2. The assumption, based on the preliminary experiments, that 
the coefficient is the same at all temperatures is not strictly correct. 


| 
4 
| 
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This is inferred from the variation of the temperature coefficient of 
the magnetic field, shown in Table VI. 

3. Magnetic Hysteresis’ Due to Magnetic Impurities in the Coil. — 
Errors due to this were eliminated as far as possible by short-cir- 
cuiting the galvanometer on the return of the coil to the null read- 
ing so as to render it aperiodic ; also, while deflecting, the coil was 
damped by means of rapid tapping of the short-circuiting key so 
that it did not move beyond the point of the permanent deflection. 
See also § 5. 

4. Molecular changes* within the suspension fiber may have 
changed the torsional moment with time. 

5. The lag in the field strength of the magnet was eliminated by 
keeping the galvanometer at a constant temperature for about three 
hours before the observations were taken. 


§ 2. TEMPERATURE COEFFICIENT FOR POTENTIAL MEASUREMENTS. 


The temperature coefficient for potential measurements is deter- 
mined from the deflection coefficient for current measurements and 
the resistance coefficient of the galvanometer circuit. The latter 
must be known for each particular case, for the galvanometer resist- 
ance is only a fraction of the total. 

To enable the calculation of the resistance coefficient of galvanom- 
eters to be made, the coefficients of the suspension fibers, spirals, 
and the coil, were determined separately. 

The following resistance equations were obtained : 


For phosphor-bronze spirals or suspensions, 
R, = R,, [1 + 0.00063 (¢— 20)]. (2) 


For steel suspensions, R, = R, [1 + 0.00356(¢— 20)]. (3) 
For the galvanometer coil, R,= R,, [1 + 0.00394(¢— 20) ]. (4) 


In the galvanometer employed, the resistence of the upper 
phosphor-bronze suspension was 3.34 ohms at 20° C., and of the 
spiral, 17.25 ohms; that of the steel suspension was 5.71 ohms, 
and of the galvanometer coil, 96 ohms. 


1A. Zeleny, PHys. Rev., Vol. 23, p. 400, 1906. 
2K. E. Guthe, Bulletin of the Bureau of Standards, Vol. 2, p. 53, 1906. 
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Representing the resistance coefficient of the whole circuit by 2, 
the deflections for equal differences of potential for the above 
galvanometer are derived from the following equations : 


With phosphor-bronze suspension, 
d, = dy [1 + (0.00018 — B) (¢— 20)]. (5) 
With steel suspension, d, = d,,[1 + (0.00005 — 2) (¢— 20)]. (6) 


§ 3. TEMPERATURE COEFFICIENT FOR BALLisTIC MEASUREMENTS. 

The temperature coefficient for ballistic throws was obtained by 
discharging through the galvanometer, at different temperatures, 
equal quantities of electricity from a mica condenser charged by 
means of cadmium cells. The observations and results are given in 
Table IV. 


TABLE IV. 
Temperatures. Throws at’ | 
No. 6788 | Phosphor 54.0 | 4.0 | 18.491 | 18.708  —0.00023 
bronze. 54.2 5.3 18.082 | 18.254 —0.00019 
—0.00021 
No. 6788 Steel. | 2.6 53.8 12.310 12.179 —0.00021 
4.9 | 12.179 | 12.322 —0.00024 
| | | —0.00022 
No. 6737. | Phosphor- —0.00012! 
bronze. | 


The value of the coefficient in the cases given is practically inde- 
pendent of the kind of suspension, but varies with the galvanometer 
employed. See also Table IX. The approximate temperature 
coefficients for ballistic measurements for this type of galvanometer 
having either a phosphor-bronze or a steel suspension, is assumed 
to be the average of the above values, and the relation of the ballistic 
throws for equal quantities at different temperatures is expressed by 


d, = dy[1 — 0.00017(¢ — 20)]. (7) 


§ 4. CALCULATION OF THE TEMPERATURE COEFFICIENTS FROM THE 
COEFFICIENTS OF THE VARIOUS PARTS OF THE GALVANOMETER. 
The temperature coefficients of a moving coil galvanometer are 

due to the variation of several quantities with temperature. The 

' The average of six independent sets of observations. 
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temperature coefficients of these quantities may be determined 
separately, and, from the relation of the temperature coefficients of 
the galvanometer to these coefficients, the former may be calculated 
from the latter. A comparison of the values obtained directly by 
experiment with those thus calculated gives an index to their reli- 
ability and shows the magnitude of the effect produced by the 
various causes which combined to produce errors in the observed 
results, 

It was necessary to determine the temperature coefficients for the 
strength of the magnetic field and for the period of vibration of the 
coil system. The values of the expansion coefficients of the copper 
in the coil and of the iron in the magnet were taken from tables. 

(a) The Temperature Coefficient for the Strength of the Magnetic 
Field. — To determine the variation in the strength of the magnetic 
field with the temperature, the coil was removed from the galva- 
nometer, and the magnet and iron core were set forward from the 
wooden supporting frame a distance of about one centimeter. Two- 
rectangular coils, each consisting of 45 turns of silk-covered man- 
ganin wire, were made to slide one on each side of the iron core, 
and were of such size and so placed that when withdrawn each loop 
cut all the lines of force once. These coils were connected in series 
with a ballistic galvanometer through the secondary of a standard 
mutual inductance coil,’ and the number of lines in the field, at 
different temperatures, was determined by comparison with this 
standard whose coefficient of mutual induction was 0.017653 henry. 
The current in the primary of the standard coil was measured by 


TABLE V. 
Current in Pri- Th f r Throw Due to Pemaagatess of Number of Lines 
0. 16669 18.784 19.642 2.9 3419.2 
0.16702 18.837 19.575 14.8 3404.8 
0.16655 18.782 19.524 . 20.9 3396.2 
0.16652 18.768 19.350 38.8 3367.7 


0.16590 18.672 19.130 60.6 3334.2 


1A. Zeleny, Puys. Rev., Vol. 23, p. 411, 1906; E. B. Rosa, Puys. REv., Vol. 24 
Pp- 241, 1907. 
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means of a potentiometer and standard resistance. The observations 
and results for the magnet of galvanometer No. 6788 are given in 
Table V. 

These results are plotted in Fig. 2. 

The average temperature coefficients for various ranges, as de- 
termined from the curve, are 
given in Table VI. The tem- 
sis perature coefficients for the field 
Sissi strength were obtained from the 
temperature coefficients for the 
total number of lines and the 
expansion of the pole faces of 


Hit 


3420 
4 
+ 
+ 


+ 
if 


the magnet. 

The temperature coefficient for 
the field strength of galvanom- 
: 42 eter No. 6737 between 15° and 
30° C. was found to be 
sete — 0.00035, the total number of 
lines at 20° C. being 3,172. 
wetiiits #24 The area of each pole face was 
8 sq. cm. 

(6) Temperature Coefficient for 
Fig. 2. the Time of Vibration of the 

Coil,— The temperature coeffi- 

cient for the time of vibration was obtained with the coil both out- 
side and within the field of the magnet. The results are given in 


+ 


3360 
3 


Number of lines of force in the’field. 
3380 


3340 


Table VII. . 
Taste VI. 
Temperature Coefficient Temperature Coefficient 
Range of Temperature. for the Number of Lines. for the Field Strength. 

0° to 20° C. —0.00037 —0.00039 

20° to 40° —0.00046 —0.00048 

40° to 60° —0.00046 —0.00048 

0° to 60° —0.00043 —0.00045 

15° to 30° —0.00044 —0.00046 
The difference in the values of the coefficient, within and without y 


the field, is due to the presence of magnetic impurities within the 
coil. 


| 
| 
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TABLE VII. 
Galvanometer. Suspension. | Gol | Coll Withio the 
No. 6788 Phos, bronze. +0.00027 +0.00032 
“ Steel. +0.00022 +0.00023 
No. 6737 Phos. bronze. 


(c) Calculation of the Coefficient for Current Measurements, — 
From the equation for the time of vibration of the coil 


f= 2% 
T+ M’ 

(T + M), — 

(T+ My @) 
where 7, J/, ¢, /, D, are respectively the torsional moment, mag- 
netic moment due to impurities, period of vibration, moment of iner- 
tia, and the width of the coil. The subscripts represent tempera- 
tures. 

Assuming the field to be practically uniform, the relation between 
the current and the deflection is expressed by 


cos = (T+ W)0=(T+ M) ka’, (9) 


where F, 7, a’, MW’, represent respectively, the strength of the mag- 
netic field, the current, the deflection, and the moment due to the 
magnetic impurities, which may differ somewhat from JZ The 
effective length Z of the coil does not vary with the expansion of 
the copper, for both ends of the coil extend beyond the field of the 
magnet, but does vary with the linear expansion of the iron of the 
magnet. 
From equations (8) and (9), assuming (7+ 47) = (7+ 17’), 


DE L(T + Mo Dy (10) 
from which 


ad, =F, + 1,-D,, (11) 
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where ¢,, £,, D,, are the temperature coefficients respectively 
for the deflections, field strength, time of vibration, linear expansion 
of cast iron and that of copper. 

The calculations and comparisons are made in Table VIII. 


VIII. 


3 | Temp. Coef. for Defiections. 
_ Suspension. Fy 2t, |- 
| Calculated. | Observed. 


No. 6788 Phos, bronze. —0.00045 +0.00064 -0.00001 +0,00018  +0.00013 
No. 6737, “ 0.00035 +0,00062 —0.00001 +0.00026 +0.00023 


+0,00022  +0,00018 

No. 6788 Steel. 0.00045 +0,00046 —0.00001 0.00000 0.00000 
No. 6737)“ 0.00035 (+0.00046) —0.00001 +0.00010 
4000085 _| 


(2) Calculation of the Coefficient for Ballistic Throws. — From 
the equation for the constant for ballistic measurements, A 
= K'tV/2z, the relation between the deflections for equal quan- 
tities at different temperatures is, for open circuit work where ./p 
is small, expressed by 

Ky _ Kuby 
yy Kk, K, t, 
where d, a’, and 4, represent ballistic throws, deflections for con- 
tinuous currents, and periods of vibration, at the temperatures 7° 


and 20° C. From this 
d,=d,—t,, (13) 


where d,, d,, and ¢,, represent the temperature coefficients respec- 
tively for the ballistic throws, deflections for continuous currents, 
and the periods of vibration. The calculations and comparisons 
are made in Table IX. 

The agreement of the calculated with the observed values, in 
Tables VIII. and IX., is as close as can be expected when the sources 
of error given in §1 and §5 are considered; in addition to these 
sources of error it was necessary, in §4 (c), to assume the magnetic 
moment due to the impurities in the coil to be the same whether the 
coil is vibrating or is deflected and at rest. 
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TABLE IX. 


Temp. Coef. for Ballistic 


nometer, | Suspension. dy! 
Calculated. Observed. 


No. 6788 | Phos. bronze.; +0.00013 —0.00032 —0.00019 —0.00021 


No. 6737 | “ | +0,00021  —0.00031 | —0.00010  —0.00012_ 
—0.00015 —0.00017 
No. 6788 Steel. 0.00000 —0.00023 0.00023  —0.00022 
No. 6737 | +0.00010 0.00023  —0.00013 
—0.00018 


$5. MacGnetic IMPURITIES WITHIN THE COIL. 


1. The galvanometer coil, on open circuit, was suspended between 
the poles of an uncharged electromagnet, and when the latter was 
charged, the coil turned through a considerable angle toward paral- 
lelism with the lines of force, showing the presence of magnetic 
impurities. 

2. A galvanometer coil, on open circuit, turns on its axis when 
the magnetic field of the galvanometer is short-circuited. This also 
shows the presence of a directive moment due to magnetic impuri- 
ties in the coil. When the field is weakened, the directive moment 
of the impurities is lessened and the coil is allowed to return nearer 
to the position it would occupy if there were no impurities. In 
twelve galvanometers in which the fields were short-circuited, the 
coils turned through angles represented by deflections varying from 
a few tenths to several millimeters on the scale. In one case only 
was there no appreciable deflection. 

3. The restoring moment in a vibrating galvanometer coil is pro- 
duced in part by these magnetic impurities within the coil. The 
value of the restoring moment due to the impurities as compared 
with the torsional moment of the suspension was determined from 
the periods of vibration of the system when in the magnetic field 
and when outside of it. The ratio of M/7 is then obtained from 


tear | 
T+M 


where 7 and J/ represent respectively the torsional and magnetic 
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moments per unit angle of displacement. The magnetic moment 
produced by the earth’s magnetic field acting on the magnetic 
impurities was considered negligible. The observations and results 
are given in Table X. 


TABLE X. 

Field. Period of Vibration. MT 
Earth’s field. 8.534” (0.00) 
Galvanometer magnet. 8.289 0.07 
Strong electromagnet. 6.03 1.00 


The results show how large a part the magnetic impurities play 
in the directive action upon the coil and how much they diminish 
the sensitiveness of the galvanometer. 

4. The deflection, in the particular galvanometer employed, 
changed about one tenth of a millimeter during the first minute 
after the coil came to rest immediately following a previous deflec- 
tion in the same direction. On account of the large influence of the 
magnetic impurities, this may be ascribed to the lag in the change 
of direction and strength of the magnetism in the magnetic impuri- 
ties rather than to a change in the torsional moment or the fatigue 
of the suspension. 

The above considerations help to explain the irregularities in the 
results obtained for the temperature coefficients. The hysteresis 
of the magnetic impurities and the effect of temperature upon them 
must produce disturbing effects. 


§ 6. SUMMARY AND DISscussION. 


The moving coil galvanometer has three temperature coefficients, 
one each for current, potential, and ballistic measurements. On 
account of magnetic hysteresis and other disturbing causes, it was 
found impossible to determine the values of these coefficients for an 
individual instrument with as high a degree of precision as it is pos- 
sible to read deflections or throws. The values of the coefficients 
for different galvanometers of the same construction and materials, 
are found to differ considerably, so that only approximate values 
can be given for any type of the instrument. 

The averages of the sets of values obtained for the two galva- 
nometers are taken as the approximate temperature coefficients for all 
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moving coil galvanometers having chilled cast-iron magnets. These 
values are summarized in Table XI., where B, as before, represents 
the temperature coefficient for the resistance of a particular circuit. 


XI. 
Kind of Measurement. Suspension. Temperature Coefficient. 

Current. Phos. bronze (3 mil). +0.00018 

“s Steel. +0.00005 
Potential. Phos. bronze {3 mil). +0.00018—A 

Steel. +0.00005—2 
Ballistic. Phos. bronze (3 mil). —0.00017 

se Steel. —0.00017 


These values are very nearly correct for galvanometers whose 
magnets have a field intensity of 425 units anda temperature coeffi- 
cient of — 0.00040, and in which J//7= 0.07 approximately. 

The influence of a variation in the value of J//7 upon the tem- 
perature coefficient of the galvanometer can be estimated from the 
difference in the temperature coefficients for the time of vibration 
within and without the field, given in Table VII. The value of the 
temperature coefficient for the time of vibration with the 3 mil 
phosphor-bronze fiber is 0.00005 larger within than outside the field. 
If there were no magnetic impurities in the coil, or, more correctly, 
if the amount of the magnetic impurities present was just sufficient 
to neutralize the effect due to the diamagnetic properties of the 
copper, the temperature coefficient for the time of vibration in the 
field of the magnet would be the same as that determined without 
the field. In such a case, as is seen from equation (11) and in Table 
VIII., the temperature coefficient for current measurements would 
be obtained by subtracting 0.00010 from the value given in Table 
XI., and the temperature coefficient for ballistic throws by adding 
— 0.00005 to the corresponding value. 

With a 1.5 mil phosphor-bronze suspension, 1//H was found to 
have a value of 0.9 and the temperature coefficient for the time of 
vibration a value of + 0.00039 in the field of the galvanometer 
magnet. The latter value gives for the temperature coefficient of 
the galvanometer for current measurements a value of + 0.00032 
and for ballistic throws a value of — 0.00007. 

It is inferred from the values of the temperature coefficients for the 
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total number of lines obtained by B. O. Peirce ' for several chilled 
cast-iron magnets, that the temperature coefficient for the field 
strength of any particular magnet of this type is not liable to exceed 
much the limits of the two here used. 

The temperature coefficients of a galvanometer with a magnet 
other than chilled cast iron can be calculated from the known tem- 
perature coefficient of its field strength by the aid of equations (11) 
and (13) and the values given in Table XI._ If +,’ be the value of 
the temperature coefficient of the field strength of any galvanometer 
magnet and A represents any one of the temperature coefficients of 
the galvanometer with a chilled cast-iron magnet, the value of the 
corresponding temperature coefficient for a galvanometer with the 
former magnet is represented by 


K' = K+ (F{ + 0.00040), (14) 


where the proper algebraic signs for A and F,’ must be used. The 
temperature coefficients of the field strengths for magnets made of 
various materials can be computed from the temperature coefficients 
for the total number of lines, determined for such magnets by 
B. O. Peirce in the paper cited above. 


PHysICAL LABORATORY, 
UNIVERSITY OF MINNESOTA, 


Nov. 27, 1908. 
' Proceedings of Am. Acad. of Arts and Sciences, Vol. 38, p. 551, 1903; Vol. 40, 
P. 701, 1905. 
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THE ABSORPTION AND REFLECTION OF CALCITE 
AND ARAGONITE FOR INFRA-RED RAYS AS 
DEPENDENT UPON THE PLANE OF 
POLARIZATION.' 


By R. E. NyYswANDER. 


HE structure and vibration periods of molecular aggregations 
would naturally first be sought in compounds of simplest 
composition. Certain groups of atoms having particular free 
periods by themselves may lose these periods when related in a 
complicated manner. Previous investigations in the infra-red of 
absorption and reflection spectra have shown that each of the 
simple compounds of the same acid radical, viz., nitrates, sulphates 
and carbonates have characteristic bands in the same regions of the 
spectrum. The carbonates, as demonstrated by Morse,’ show 
reflection maxima in the infra-red, the positions of which vary with 
the atomic weight of the base in an approximately straight line 
relation. 

The most direct method of attacking the question of molecular 
structure is through the behavior of crystalline media, since the 
vibrations are limited to definite directions in the crystal. Little 
has been done in this direction, in part for the want of a suitable 
polarizer for long waves, and largely because of the loss of energy 
by polarization. As regards selective reflection as dependent upon 
the plane of polarization, the field is new. 

That absorption in doubly refracting media is dependent upon 
the direction of vibration of the incident energy has been demon- 
strated conclusively by the work of Merritt* and of Konigsberger.* 
In the case of calcite the independence of the absorption for the 

.' Presented by title at the Washington meeting of the American Physical Society, 
April 24-25, 1908. Abstracted in the PHysicaL REVIEW, 26, 539, 1908. 
? Astrophys. Jour., 11, 225, 1907. 


5 Puys. REV., 2, 424, 1895. 
*Ann. der Phys., 61, 687, 1897. 
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ordinary and extraordinary rays was especially marked. The work 
was not carried beyond 5.5 4, due to the loss of energy by 
polarization. 

The identity of composition of calcite and aragonite together 
with the differences in crystallographic structure of the two sub- 
stances, suggested them as worthy of further investigation. The 
large differences in the indices of refraction for two of the principal 
directions of vibration of both calcite and aragonite, and the sim- 
plicity of composition, would hint that large differences in absorp- 
tion and reflection might be expected. 

The work of this investigation consisted of two parts, dealing 
respectively with the absorption and reflection spectra for the prin- 
cipal directions of vibration of calcite and aragonite. 


DESCRIPTION OF APPARATUS. 
A diagram of the apparatus as arranged is shown in Fig. 1. 


rig. 1. 


| 

AB 

| 


No. 4.] REFLECTION OF CALCITE AND ARAGONITE. 293 


For the transmission spectra the collimating arm A of the spec- 
trometer carried an attachment as indicated ina; for the reflection 
curves, this attachment was modified as shown in 6. 

Absorption. — Rays from a Nernst heater Z fell upon the polar- 
izer P from which they were reflected into the slit of the spectrom- 
eter, and after reflection from the concave minor / passed through 
the prism and were brought to a focus upon the radiometer R by 
the second concave minor 4’. Deflections were produced by rais- 
ing the shutter S. The crystal section, whose transmission spec- 
trum was desired, was placed at C. The crystal was mounted ona 
simple mechanism permitting it to be thrown in the path of the rays, 
always in the same position. 

Reflection. — The same polarizing device used for the absorption 
work, was also used for the reflection curves as shown in 6. Rays 
from the polarizer P were reflected to C’, and from there to the 
spectrometer slit. The device at C’ carried the crystal section 
attached to one of two arms, which turned about a common 
center. To the other arm was fastened a silver mirror for compari- 
son. Either arm, when turned into position, dropped into a notch, 
pressing the reflecting surface against a fixed guide, which brought 
it to the same position for each observation. 

The arm carrying the source Z could be turned about the center 
of the graduated arc £ as axis. The polarizer was attached rigidly 
to this graduated arc, the combination being free to turn about its 
center. 

The scale 7 was placed 120 cm. from the radiometer. 

Spectrometer. — The reflection spectrometer had a focal length 
of 35 cm. The method of constant angle of emergence was em- 
ployed, so that the source and likewise the devices for polarization, 
absorption and reflection were attached rigidly to the collimating 
arm. These attachments could produce no strain in the instrument 
since the whole weighed less than one-half kilogram. The rock- 
salt prism was the same one used by Coblentz' during his investi- 
gations in this laboratory. As no changes in the prism faces had 
been made since that time, his calibration curve was used by the 
author also. The prism faces were 7 cm. square, and the refracting 


1 Investigations of Infra-red Spectra, 16. 
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angle 59° 57’ 43”. A circular plate of glass somewhat larger than 
the dimensions of the prism was cemented on the prism table. Upon 
this plate the prism was accurately mounted. <A small beaker con- 
taining phosphorus pentoxide was placed on the prism to absorb 
moisture. A bell-jar attached to a weighted cord, passing over a 
pulley above, could be lowered over the prism without jar to the ap- 
paratus and fit tightly upon the glass plate. 

The angle of emergence was the angle of minimum deviation for 
sodium light. This angle was determined by the use of a telescope, 
Fig. 1, 7’, set up in line of the deviated rays from the prism. The 
collimating arm was first clamped ata convenient point on the spec- 
trometer circle. The image of the slit was focused on the grad- 
uated scale of the eyepiece and the prism table adjusted to the angle 
of minimum deviation. The other arm of the spectrometer was 
then turned in position and adjusted until the image fell upon the 
radiometer slit. The settings were further checked by the position 
of the CO, band, from a bunsen burner, which falls sharply on 
4-40 

Radiometer. — A Nichols radiometer used by previous observers 
in this laboratory, was at hand. Several improvements, however, 
were added. The sensitiveness of the radiometer was determined 
in a former investigation. With a candle and scale at one meter 
distance a deflection of 12.5 centimeters per square millimeter of 
exposed vane area was produced. 

Vanes. — The superiority of platinum black as an absorbent of 
radiant energy has long been recognized. To obtain a uniform 
electrolytic deposit without the added weight of metallic vanes, the 
following method was successful. Thin sheets of mica were platin- 
ized on one side with platinum chloride. The PtCl, was applied to 
the surface with a soft brush and allowed to dry. The mica was 
then heated over a metal plate until a thin layer of platinum ap- 
peared. This process was repeated several times until a uniform 
conducting layer was formed. In order that the platinum stick to 
the mica, it is essential that the surface of the mica be roughed with 
medium emery paper before the PtCl, is applied. Sheets of mica 
thus prepared were coated with platinum black after the electrolytic 
process of Kurlbaum.' The vanes were I x II mm. and the sus- 

1 Ann. der Phys., 67, 846, 1899. 
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pended system weighed g mg. The mirror was plane, about 
2x 3mm. The surfaces were ground, and the image was perfect. 
The fiber which was about 4.7 cm. in length, was attached to the 
bottom of a stirrup carrying a small bar magnet one centimeter 
long. This stirrup was attached with a short silk fiber to a sup- 
port at the top of the radiometer chamber. Around the neck, 
leading from the radiometer, was a movable collar carrying a con- 
trol magnet, which had first been bent into shape so its poles would 
lie in the plane of the suspended magnet. This device offered most 
excellent control of the suspended system. A double rock-salt 
window was set back just in front of the vanes. The slit was set 
back to the front surface of the window, so that the loss in definition 
of the image between the slit and the vanes was reduced to a mini- 
mum. The device carrying the slit rested in two guides on the 
front of the radiometer, allowing lateral adjustment. The width of 
both the radiometer and spectrometer slits was equal. For all ob- 
servations from 1.7 # to 9.8 # this width was .3 mm., equivalent to 
3’ of arc on the spectrometer circle. For observations beyond 
g.8 pw, the slits were widened to .55 mm., or 5.5’ of arc. The time 
for a single deflection varied from .5 to 1.5 minutes when the radi- 
ometer was worked at its greatest sensibility. For observations in 
the more intense part of the spectrum the pressure was lowered 
until the radiometer acted ballistically. The time of deflection was 
thus reduced to 20 seconds. Within the tube leading from the 
radiometer was placed absorbent cotton mixed through with gold 
foil to absorb mercury vapor from the pump; no trouble from 
electrification of the vanes was experienced (see Coblentz).' 

Source. — A Nernst heater operated on a well regulated I10 
volt direct current circuit furnished the source of energy. The 
heater was run somewhat above its rated voltage and served as a 
very satisfactory source. 

Polarizer. — Selenium, as shown by Pfund,? has the properties 
necessary for a good reflection polarizer for long waves. Pfund’s 
investigations were carried to 13 4; however, it was found in the 
present investigation to reflect uniformly beyond 154. A reflect- 


! Investigations of Infra-red Spectra, Appendix III., 124. 
2 Astrophys. Journ., I, 23, 1906. 
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ing polarizer was made after this method, and polarization was 
complete. The angle of polarization was determined experiment- 
ally with a Nicol’s prism. This angle, as measured on the device 
of Fig. 1, was 71.5°. 

Crystal Sections. — Polished sections cut by Zeiss from clear crys- 
tals of calcite and aragonite, and containing the principal directions of 
vibration, were employed. The section of calcite was 1 mm. thick, 
and cut parallel to the optic axis. The two aragonite sections were 
cut parallel to the aé and ac axes respectively. Large untwinned 
crystals of aragonite are difficult to obtain. The crystals examined 
were of the Bohemian type and of clear quality. The thickness of 
these plates was 2 mm., and the smaller one was about I cm. 
square. For a more definite location of the calcite bands of absorp- 
tion than could be gained from the above section on account of its 
thickness, a thin section of calcite, .14 mm. in thickness, cut 70° 
to the optic axis, was also examined. The curves of this section 
serve well to show the great differences of absorption as dependent 
upon thickness. 

A shutter consisting of five parallel plates of tin rendered radia- 
tion from the source through the shutter quite impossible. . The 
plates of tin were placed about .5 cm. apart, permitting free circu- 
lation of air between them. The shutter was fastened from the 
ceiling and was operated with a cord by the observer. Observa- 
tions were made in a small basement room completely surrounded 
by other rooms, and for this reason the temperature changes were 
very small. The spectrometer and radiometer were mounted on a 
table which itself stood on marble blocks imbedded in saw-dust, in 
boxes resting on the concrete floor. Very little trouble was ex- 
perienced from tremors. Every precaution was taken to protect the 
apparatus from outside radiations. Both spectrometer and radiom- 
eter were completely covered. As a further protection to the 
spectrometer from direct radiations of the source, opaque screens 
were placed at WV,, NV, V,. The source, polarizer, and slit were 
also screened from external radiations. The radiometer was kept 
connected with the mercury pump, but the stop-cock was always 
closed except during adjustments for sensibility, to prevent the 
diffusion of mercury vapor to the radiometer. All connecting joints 
were mercury sealed and little trouble with leaks was experienced. 
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METHOD OF OBSERVATION. 


The same crystal sections were used for both the absorption and 
reflection curves. The fraction or percentage of transmission was 
the ratio of the deflection when the crystal was placed in the path 
of the polarized rays to the deflection when it was removed. Like- 
wise, the reflection percentage was the ratio of the reflection from 
the crystal to that of silver assumed 100 per cent. 

The plane of the polarizer was placed in a vertical position, A 
vertical strip of the reflecting surface about 1 cm. wide was used, 
the remaining part of the surface being screened with black paper. 
According to the theory of Fresnel, the direction of vibration of the 
polarized energy would also be in a vertical plane. The particular 
crystal direction to be examined was placed parallel to the direction 
of vibration of the incident energy. 

The planes of polarization of these substances, as determined by 
the crystallographic axes, may be further defined as follows: The 
axis @ is the direction of least elasticity and greatest index of refrac- 
tion, and a normal to the plane of the optic axes. The 4 direction 
is the obtuse bisectrix of the crystal, and the direction of medium 
elasticity and medium index of refraction. The ¢ direction is the 
acute bisectrix, and the line of greatest elasticity and least index of 
refraction. For calcite the ¢ axis is parallel to the optic axis. The 
a and 6 axes are equal. 

All observations were repeated one or more times in parts of the 
spectrum where the energy was large, and usually six to eight 
times when the deflections were small. In each case the zero was 
determined by the mean of two readings, one before, and one after 
each deflection. With the crystal in position, the zero was noted 
at the instant the shutter was raised. When the mirror came to 
rest, the deflection was read and the shutter lowered; the crystal 
was turned out of the path of the energy and a second zero read, 
and at the same time a second exposure made after which the zero 
was again read. The middle zero was used in determining the 
mean zero of the two deflections. Before starting the observations, 
it was necessary to remain in the room at least a half hour until 
the temperature conditions became constant. With the excellent 
definition of the image of the scale, deflections were readily esti- 
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mated to tenths of a millimeter. Recorded results are the means 
of all observations. 

Due to deterioration of the silvered surfaces, two comparison 
mirrors were used for the reflection curves, viz., from 1.7 4 to 9.8 4 7 
and 9.8 «to 14.5 # respectively. In each case special care was 
taken to secure the best polished surface. 


RESULTs. 

In the present investigation the curves of absorption and reflec- 
tion for the principal directions of vibration of calcite and aragonite 
have been carried beyond the absorption and reflection bands at 
14.2 4. All curves have been drawn to the same scale in Figs. 2 to 


le ANN 


Fig. 2. Transmission curves for calcite (CaCO ,), thickness 1.0 mm. 0, ordinary ray ; 
¢, extraordinary ray ; s—s, width of slit. 


4,and 7tog. The reflection bands have been drawn to twice this 
scale of wave-length in Figs. 5 and 6, and 10 to 13. 

Calcite. Transmission. — Observations were first made on the 
section of 1 mm. thickness. The ordinary ray (Fig. 2, 0) shows a 
shallow absorption band at 2.46. Strong bands are present at 
3.46 3.96 and 4.58 The section becomes opaque at 5.54 
and continues to 10.52 4. The ray is again completely absorbed 
from 12.2 4 to 13.0 #, and beyond 13.63 yz. 
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The extraordinary ray (Fig. 2, ¢) indicates absorption bands at 
3-74 # and 4.65 # and becomes opaque at 5.61 #, continuing opaque 
to 8.83 4. Another band falls sharply at 9.80 4. The ray is also 
completely absorbed between 10.9 wand 11.84. The percentage 
transmission rises to 65.0 per cent. at 13.40 4. A small absorption 
band falls sharply at 14.06 #. 

These results were compared with the work of Coblentz' who 
determined the transmission spectrum of calcite with unpolarized 
rays from I 4 to 14.2 » with a crystal section .14 mm. in thickness 
cut 70° to the optic axis. The curves for the two sections were so 
different that little relation could be established between them. 
Further, in comparing this curve with the curves of Merritt there 
seemed to be greater discrepancies. The specimen of Coblentz 
being cut 70° to the optic axis contains a predominance of the ordi- 
nary vibration, and its transmission curve should agree the closer 
with that of the ordinary ray, but the reverse relation was quite 
evident. An exactly similar section cut 70° to the axis was ob- 
tained and its transmission spectra plotted for the two planes of 
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Fig. 3. Transmission curves for calcite, thickness 0.14 mm. 0, ordinary ray ; ¢, extra. 
ordinary ray. 
polarization. The results from this section (Fig. 3) showed that 
the work of Coblentz was correct to 14 #, and the differences exist- 
1 Investigations of Infra-red Spectra, Part III., 7. 
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ing for the two sections in question were accounted for entirely by dif- 
ference in thickness. Likewise the seeming discrepancy with Mer- 
ritt’s work was readily explainable on this ground. The width, as 
also the depth of absorption bands increases with the thickness of 
the section so that for thin sections certain small bands completely 
disappear. The curve of the ordinary ray (Fig. 3, 0) represents the 
pure absorption of this ray, but for the extraordinary ray (Fig. 3, ¢) 
the results are slightly masked by the behavior of the ordinary ray. 
The principal bands of the ordinary ray between 2 and 64 for 
both sectionsagree. The broad band of complete absorption in the 
region of 7 # lies within the limits 6.36 4 to 7.60 » for the thin sec- 
tion. The bands at 8.50 4, 9.92 # and 10.57 # are not brought out 
by the thick section. These curves show conclusively that the ab- 
sorption band at 11.3 is due entirely to the absorption of the 
extraordinary ray. There is no trace of an absorption band in this 
region for the ordinary ray. At 12.66 a band is present in both 
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Fig. 4. Reflection from calcite. 0, ordinary ray ; ¢, extraordinary ray. 


rays. The point of maximum transmission occurs at 13.4 for 
both rays and the transmission for the two is not very different. 
But the curves of Fig. 2 serve well to show that the coefficient of 
absorption in this region is much greater for the ordinary ray than 
for the extraordinary ray. The ordinary ray is completely absorbed 
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at 14.06 # while the extraordinary ray shows only a shallow band 
in this region for the thick section. Due to the component which 
the ordinary ray exerts in the thin section, the extraordinary ray 
will show the band at 14.06 # much exaggerated in depth. The 
positions of the absorption bands of calcite are given by Kayser’ 
as follows: 6.69 11.41 14.4 and 29.44. In the present in- 
vestigation, if the center of the first band be taken as 6.71 y, the 
variations from the above values are + .02 4, —.I11 wand — .3 4 
respectively. 

Reflection. — The reflection curves for calcite have relations simi- 
lar to the absoption curves. The first reflection band occurs in 
the ordinary ray (Fig. 4, 0). It is broad and complex, with two 
principal and nearly equal maxima at 6.46 # and 6.96 y, and indica- 
tion of another maxima at 6.704. This band is no doubt more com- 
plex than indicated in this curve. Coblentz? with unpolarized 
energy found a complex reflection band for calcite with maxima at 
6.5 # and 6.6 #, and a complex maximum in the region of 7 pz. 
The absence of any absorption band at 11.3 4 in the transmission 
curve of the ordinary ray is likewise brought out by the absence of 
a reflection band in this region for the ordinary ray. 

For the extraordinary ray (Fig. 4, ¢) which showed complete 
absorption in the regions 6.74 and 11.34 for the thick section, 
there undoubtedly would have been complete absorption in the 
latter region by the thin section, except for the direction in which 
the crystal was cut. This ray shows no trace of a reflection band 
at 6.7 4, but a very strong band, reflecting 89.1 per cent. of the 
incident energy at 11.304. The position of this band from the 
transmission curve is 11.28. This small difference might readily 
be explainable again by the impurity of the extraordinary curve. 
As shown in Fig. 3, the ordinary curve is changing very rapidly in 
this region and in a manner to shift the minimum toward the 
shorter wave-lengths. Both curves exhibit reflection bands beyond 
14. For the extraordinary ray in which absorption was not 
complete, the change in reflection is also small, and coincides in 
position with the absorption band. The ordinary ray is com- 


' Handbuch der Spectroscopie, Vol. IV., 502. 
2 Supplementary Investigations of Infra-red Spectra, Part V., 23. 
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pletely absorbed at 14.06 but its reflection band is shifted to 
14.17 4. The importance of exact setting of the crystal is brought 
out by the broken curve a, Fig. 6. This band, since it was not a 
typical reflection band, led to a question of error in setting the crys- 
tal, or incompleteness of polarization. The crystal was reset with 
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Figs. 5-6. Reflection from calcite. 0, ordinary ray ; ¢, extraordinary ray. 


greater exactness and this region reéxamined. The full curve o 
. was obtained. To check this point further another section cut 
HT perpendicular to the optic axis was investigated through this region. 
) In this curve there could be little possibility of the extraordinary ~ 
ray exerting an influence, and for this crystal the broken curve 4, 
Fig. 6, was obtained, checking the curve o. 

Aragonite. Transmission. — When the direction of vibration of 
the incident energy is parallel to the a axis (Fig. 7, a) the curve is 
not very different from the ordinary curve for calcite. The first 
band appears as 2.46 w, another at 3.30, and then a band of zero 


No. 4.] REFLECTION OF CALCITE AND ARAGONITE, 303 


transmission at 4.04. At 5.54 there is complete absorption 
continuing to 9.50. This direction transmits very little energy in 
the region 9.5 to 12.04. At 13.92 the curve falls to zero and 
continues to the end of the observations. 

The curve for the second direction of vibration (Fig. 7, 4), parallel 
to the 4 axis, is somewhat similar to the transmission curve a, but 
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Fig. 7. Transmission curves for aragonite (CaCO ), thickness 2.0 mm. a, vibrations 
|| aL 4 axis; 4, vibrations || 4 axis; c, vibrations || c axis. 


shows a shift toward the shorter wave-lengths of some of its max- 
ima and minima. Absorption bands are present at 2.05 4, 3.304 
and 4.044. The absorption is complete from 5.45 4” to 10.10 4, 
and again between 10.6 # and 11.74. Another band appears at 
{2.20 4, and beyond 13.5 » the transmission 1s zero. 

When the incident vibrations are parallel to the ¢ axis (Fig. 5, c) 
the transmission curve resembles the extraordinary curve for calcite. 
This resemblance is especially close in the region g # to 15 w except 
that the transmission maxima and minima in the aragonite curve 
are shifted about .25 ~ toward the longer waves in all cases except 
the band at 14.06 4, for which there is exact coincidence. From 
1.7 to 5.5 this curve shows a greater transmission of energy 
than curves aand 4. In this region there is a shallow band at 
2.05 # and a deep band at 3.134. Absorption is complete from 
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5.65 4 to 9.324. Again there is opacity from 10.13 4 to 12.264. 
A sharp absorption band falls at 14.06 2. 

According to the theory of the ellipsoid of elasticity, the optical 
properties of a crystal are dependent upon the displacement of the 
particle in the direction of vibration, and independent of the ray direc- 
tion through the medium. The two sections of aragonite contained 
four principal directions of vibration, two of which were parallel to 
the common axis a. Asa further check upon the work in hand 
and to demonstrate that in a biaxial crystal absorption is dependent 
only upon the direction of vibration, the absorption curves for the 
directions a, a in the two sections were obtained (Fig. 8). The 
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Fig. 8. Transmission curves for aragonite, thickness 2.0 mm. 1, vibrations || a Lc 
axis; 2, vibrations || axis. 
ray directions through the crystal in the two cases were normal to 
each other, but the directions of vibration parallel. The two curves 
show that the absorption characteristics are very similar. For 
curve I, the ray direction was parallel to 4, and parallel to ¢ for 
curve 2. The difference of note is the band at 2.46 # which occurs 
in curve 2, but is entirely absent in 1. In most parts the transmit- 
ting power of 2 is greater than I. 

Reflection. — When the incident energy is parallel to the @ axis 
(Fig. 9, 2) nearly 100 per cent. of this energy is reflected at 6.65 u. 
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It is universally true that substances showing powerful selective 
absorption also exhibit correspondingly large reflecting powers in 
the same regions, yet few substances reflect so powerfully as this. 
Because of the sharpness and high reflecting power of this band, its 
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Fig. 9. Reflection from aragonite. a, vibrations |! @ L ¢ axis; 4, vibrations || 4 axis ; 
¢, vibrations || ¢ axis. 


maximum must necessarily determine the position of the absorption 
maximum for this ray. No band is present at 11.55 # for this 
direction. Its second band falls at 14.06 # and through this 
region absorption was complete for the corresponding transmission 
curve. 

In the second reflection curve (Fig. 9, 4) the direction of vibra- 
tion is parallel to the 6 axis. This curve has a complex band in 
the first region. The band has two sharp and nearly equal maxima 
which fall at 6.46 “and 6.70 # respectively. Coblentz,’ with un- 
polarized energy, found a complex reflection band for aragonite 
with two maxima at 6.53 4 and 6.75 respectively. The first 
maxima of the complex band of calcite occurs also at 6.46 p. 
There is no band at 11.55 4, but at 14.17 # a sharp band is present 
with a reflecting power of nearly 29 per cent. The transmission 
curve for this ray also shows opacity in this region. The position 
1 Loc. cit. 
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of this band agrees exactly with the corresponding band for the 
ordinary ray of calcite. 

For the third curve the direction of vibration is parallel to the c 
In the region 6 to 7 there is no trace of a 


axis (Fig. 9, ¢). 
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Fig. 10-11. Reflection from aragonite. a, vibrations || @ axis ; 4, vibrations || 4 axis ; 


c, vibrations || ¢ axis. 


band, but in the second region there is a very strong band falling 
sharply at 11.55 4, with a reflecting power of more than 99 per 
cent. This band like the first band of curve a, must determine the 
position of maximum absorption. At 14.064 there is a small band 
which coincides in position and of about the same intensity as the 
band of the extraordinary ray of calcite. In fact the two curves 
are very similar except for the shift of the principal band which for 
calcite falls sharply at 11.30 p. 


SUMMARY. 


The results of the foregoing investigation may be summarized as 
follows : 
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1. The absorption and reflection curves of calcite and aragonite, 
as dependent upon the direction of vibration between 1.7 # and 15 », 
show three regions of characteristic bands at 6.6 #, 11.5 wand 14.1 # 
respectively. 

2. For calcite the reflection band in the first region is complex 
with two principal maxima at 6.46 # and 6.96 » and a third smaller 
maximum at 6.704. For aragonite there 50 
are two bands, one simple band with max- 
imum at 6.65 # and one complex band of 
two maxima at 6.46 # and 6.70 » respec- 
tively. In the second region the bands 
for calcite and aragonite are very similar 
but shifted in position as follows: calcite 


N 
S 


R 
11.30 #4, aragonite 11.55 4. But the bands N Jo 
for the two crystals coincide in the third > WY 
Calcite — extraordinary ray 
14.06 ordinary ray 14.17 
Aragonite —c 30 
14.06 a and 6 14.17 
3. The first bands occur only in the 20 
ordinary ray for calcite and the @ and 6 c 
directions for aragonite. For both crys- nd 
tals the second band is present only in the i) 
direction of the acute bisectrix. The shifted /3 14 fx 


band at 14.174 occurs only in the obtuse _ Figs. 12-13. Reflection from 
bisectrix for both crystals aragonite and calcite. a, vibra- 
; oe tions || @ axis; 4, vibrations 
4. That with exception of the band at | 4 axis; c, vibrations || ¢ axis; 
2.46 w absorption characteristicsin a biaxial] 9, ordinary ray ; ¢, extraordi- 
crystal are dependent upon the direction of "“ ™™ 
vibration and independent of the ray direction through the crystal. 
5. At 14.06 the reflection bands for the acute bisectrix in both 
substances have corresponding absorption bands which are very 
shallow. In the obtuse bisectrix the absorption band for calcite 
falls at 14.06 while the corresponding reflection band is shifted to 


14.17 ft. 
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6. The characteristic bands may be determined more advantage- 
ously by reflection than absorption, first on account of the difficulty 
in working with sections sufficiently thin for sharp bands, secondly 
on account of small errors which may result from impurity of the 
substance. A small per cent. of any impurity of high absorbing 
power in sections of appreciable thickness, may vitiate the results 
to a considerable degree. By the method of reflection such an 
error would be inappreciable. 

7. From the physical similarity of the anhydrous carbonates of 
the calcite and aragonite groups, it may be assumed with safety 
that any characteristic of one of the members will apply equally 
well to all of the carbonates of that group. Accordingly the char- 
acteristic absorption and reflection bands at 6.6 # are not present in 
the acute bisectrix, at 11.5 # they occur only in the acute bisectrix, 
for all of the anhydrous carbonates. The bands at 14 are present 
in the absorption and reflection curves of each of the principal direc- 
tions of vibration. 

The present investigation has been carried out during the past 
year under the direction of Professors Nichols and Merritt, whom 
the author wishes to thank most heartily for the many facilities 
placed at his disposal and for their never-failing interest in the 
progress of the work. He is also much indebted to Dr. W. W. 
Coblentz, of the Bureau of Standards, for advice based upon his 
extended experience in radiometric work, to Professor Shearer for 
many useful suggestions, and to Professor Gill, of the Department 
of Mineralogy, for kindly advice in mineralogical matters, and for 
his friendly interest shown in other ways. 


CORNELL UNIVERSITY, 
August, 1908. 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE Forty-SIxtH MEETING. 


MEETING of the Physical Society was held in Fayerweather Hall, 
Columbia University, New York City, on Saturday, February 27, 
1909. President Henry Crew presided. 
The following papers were presented : 
The Radiation from Neutral Electric Systems. DanieL F. Comstock. 
Thermoelectric Behavior of Tungsten and Tantalum. (By title.) Wm. 
W. CoBLENTz. 
The New Magnetic Charts of the United States for 1go5. (Illustrated 
by lantern slides.) L. A. Bauer. 
On the Radioactive Deposits from Actinium. J. C. McLENNAN. 
Determination of the Frequency of Glow-Arc Oscillations. W. G. 
Capy. 
The Number of Free Corpuscles per Unit Volume of the Metals, Gold, 
Platinum and Silver. B. J. SPENCE. 
Change of Intensity and Rate of Decay of Gas Phosphorescence with 
Variation of Gas Pressure. C. C. TROWBRIDGE. 
The Longitudinal Pressure of Sound Waves. (Bytitle.) ELmer E. 
HALL. 
The Radiation from Gases Heated by Sudden Compression. E. F. 
NICHOLS and G. B. PEGRAM. 
Note on Dispersion Theories. A. TROWBRIDGE. 
ERNEST MERRITT, 
Secretary. 


Nove ON THE CATHODE EQUILIBRIUM OF THE WESTON 
NorRMAL CELL. 


By F. A. Wo 


HE paper deals with the value of the Weston cell obtained immedi- 
ately after it is completed by bringing the mercury into contact 
with the paste, and furnishes a crucial test of the theory regarding the 
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equilibrium conditions found in the cell which was recently advanced by 
Hulett.’ 

According to Hulett, mercurous sulphate is hydrolized by a neutral 
saturated solution of cadmium sulphate with the formation of a basic 
mercurous sulphate, and equilibrium is reached when the concentration 
of the free acid is equal to .o8 mol per liter. Since the acid concentra- 
tion corresponding to saturation of the solution with basic mercurous sul- 
phate was found to be .00045 mol per liter, this would call for the 
hydrolysis of a considerable quantity of mercurous sulphate and the for- 
mation of a corresponding amount of basic mercurous sulphate. 

In order to account for the value of the Weston cell set up in the ordi- 
nary manner which corresponds to the mercury coacentration of a satu- 
rated solution of mercurous sulphate in saturated cadmium sulphate, 
Hulett assumes that the equilibrium condition above referred to is rapidly 
attained in the cell on account of the hydrolysis being accelerated at the 
‘*plain’’ mercury surface, the products being prevented from leaving 
the cathode surface by the resistance to diffusion offered by the paste. 
According to this theory, the value of a Weston cell freshly set up should 
rapidly increase by approximately 2 millivolts, the increase observed by 
Hulett in his rotation cells, while the solution in contact with the 
mercury cathode is being saturated with basic mercurous sulphate. This 
value would then begin to decrease to the value ordinarily regarded as 
normal, on account of the sulphuric acid set free by the continuation of 
the hydrolysis. 

To test this theory a number of cells were constructed in the following 
manner : Cadmium amalgam was introduced into one limb of an H-type 
cell. This was covered to a depth of one half centimeter with a saturated 
cadmium sulphate solution to which finely pulverized crystals of cadmium 
sulphate were added until no free solution was observed over the crystals. 
The paste, freshly made up, was next introduced and, after tilting the 
cell, mercury was poured into the second limb and the cross-arm. The 
cell was then held in an inclined position for from five to ten minutes in a 
25° oil-bath in order to bring the materials to that temperature. Con- 
nections to the potentiometer having been completed, observations could 
be made immediately after bringing the mercury into contact with the 
paste, thus completing the cell. This method made it possible to obtain 
a rough instantaneous value from the magnitude of the initial deflection, 
and actual measurements could be made within ten seconds. The be- 
havior to be expected on the theory proposed by Hulett was not found, 
so that it may be safely concluded that the assumption of accelerated 
hydrolysis at a mercury surface does not apply to the Weston cell as ordi- 
narily set up. Further work suggested by these experiments in contem- 


plated. 
1 Puys. REv., Vol. 27, p. 337, 1908. 
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THE NuMBER OF FREE CoRPUSCLES PER UNIT VOLUME OF 
THE Metats GoLp, PLATINUM AND SILVER.! 


By B. J. SPENCE. 


RUDE®* has developed in his work on the optical properties of 

metals a theory of dispersion, based on the assumption that in the 

metals there exist two kinds of corpuscles, the conducting and vibrating 
corpuscles. He arrives at the following equations 


(1) 
) 
m 
NV 

0 NF 


where a is the absorption coefficient of the metal, # its refractive in- 
dex, ¢ the charge (3 x 10~-” C.G.S. electrostatic units), m the mass 
(.55 X 10- gm.), ¢ the velocity of light in vacuo, 6,47, is of the 
dimensions of a dielectric constant, 4, the wave-length corresponding to 
an absorption hand in the ultra-violet, and 7, is defined by ¢, = V,/r,, 
where JV, is the number of corpuscles per unit volume and «, is the 
conductivity as a function of the wave-length. 

The first term of (2) is the contribution due to the vibrating corpus- 
cle, and the remaining terms of the right hand-member of (1) and (2) 
are the contributions due to the conducting corpuscle. 

If we neglect the contribution due to the vibrating corpuscle we obtain 
two equations in two unknown quantities, JZ and 7,, which on solution 
give 

4zmc na 
+1) 


= 2.3 x 10°f(A), (3) 


= .55 x 10%(a" — 1)(42( 1/2’). 


The absorption coefficients a are known from the work of Rubens and 
Hagen,‘ and the refractive indices » are known from the work of the 
writer, which were reported at a previous meeting.* 

! Abstract ot a paper presented at the New York meeting of the Physical Society, 
February 27, 1909. 

2 Drude’s Ann., 14, 936, 1904. 


3 Phil. Mag., 7, 157, 1904. 
* Washington, D. C., April, 1908. 
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The value of J/ for silver, taken as a mean of the values obtained for 
various wave-lengths where the values were constant is .37 X 10”. The 
values of V for platinum and gold are .82 x 10” and .33 X 10” respec- 
tively. These were also taken as a mean value of several values for vari- 
ous wave-lengths where no constant variation appeared. 


THERMOELECTRIC BEHAVIOR OF TUNGSTEN AND TANTALUM.! 
By WM. W. CoBLenrz. 


URTHER improvement in the construction of thermopiles must 
come through the reduction of the heat capacity of the junctions. 
Tantalum is obtainable in fine wires; it is pliable and does not oxidize 
readily at ordinary temperatures, and hence, suggests itself as a substi- 
tute for iron (steel) in connection with constantan. Observations were 
made on the thermoelectric power of couples made of copper-tantalum 
and copper-tungsten, the temperature range being from — 180° to 
+ 300° C. The results show that throughout the range investigated the 
thermoelectric power of the copper-tantalum is about 4.1 microvolts per 
degree, which is one tenth that of a copper constantan couples. 

The thermal electromotive force curve of tungsten-copper is rather 
unusual in that its inversion temperature occurs at about 40° C. For 
temperatures below — 100° C. the thermoelectric power is about 3.8 
microvolts per degree while above + 200° C. the thermoelectric power 
is about 4.5 microvolts per degree. In both couples the direction of the 
current is the same as that of a copper-constantan couple. 

‘Abstract of a paper presented at the New York meeting of the Physical Society, 
February 27, 1909. 


